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I FOREWORD

I This report was prepared by Wyle Laboratories, Research D.'¢lslon_ Huntsville,
Alabama for

the Unsteady Gasdynamics Branch, Aero-Astrody_._,mlcs Laboratory, Marshall Space Flight
Center (MSFC), National Aeronautics and Space Administration (NASA). Huntsvi!le, Alabama

I under Contract NAS8-21026. The work was perfnrmed under the d_r_Hon of Messrs. G.
Wiihold - Deputy Chief of the MSFC Unsteady Gasdynamics Branch_ and d. ,Jones-Technical

f Monitor of the contract.
This report contains the results of a wind tunnel test conducted at the Arnold Engineering

l Development Center (AEDC) during the period from MM__ 22 through June 7, 1968. The testswere conducted under the direction of Mr. H. C. Duboseof ARO, Inc., contract operator of
AEDC, with Mr. T. R. Brlce as the project engineer.

-[i The author wishes to expresshis appreciation and to extend thanks to all personsat NASA-MSFC,

:_ AEDC, and Wyle Laboratories who participated in this program of study. Thoseparticularly
; r instrumental in the various phasesof planning and conducting the test, reducing the te_t results,

and preparing the data for presentation in this report were: Messrs,J. ,Jones, P. Howard,
H. Bush_C. Walker, B. Borcherding and W. Edwardsof NASA-MSFC, Messrs. T. Brlce and
,j. Black of ARO, Inc. -AEDC, and Messrs. A. `jolly, D. WalHs, d. Matzkiw and S. Dendrlnos

_. of Wyle Laboratories.

| "
1

|

E

iiu! . .

1969030742-003



!

I ABSTRACT

I A wind tunnel investigatio_ was conducted to study the flow field induced by three-dlmensional
protuberances at transonic Mach numbers. The perturbed flow environments of both the pro-

I tuberances and the surrounding structure were analyzed utilizing static- and fluctuating-pressuremeasurementsand oil-flow visualization techniques. Test results for the generalized configura-
tions which consisted of _-, 4-, and 8-inch diameter cylindrical protuberances are discussed

herein. The range of test variables consisted of protuberance heights from zero to 2 c_iameters,free-stream Mach numbewsfrom 0.60 to 1.60, and unit Reynoldsnumbersfrom 1.5 to 4.5 million
per foot. The static pressureresults are presented in coefficient form to show the axial pressure

distributions associated wi;-h the protuberance induced flow field as well as the distribution ofsurface pressuresover the v,all of the protuberances. Fluctuating pressuremeasurementsare
presented in the form of overall RMS fluctuating pres._urecoefficients, power spectra, cross-

_ power spectra, and narrow band convection velocities. Fromthe static- and fluctuating-pressuremeasurementsand the oil-flow patterns, the structure of the perturbed flow field has
been defined. One of the mosisignificant findings is that the upstreamseparated flow field

r induced by three-dlmensional protuberances conslstsof a complex, multiple vortex, systemwhich
_ generates fluctuating pressuresan order of magnffude greater ;han thoseobserved in two-

dimensional separated flows. The extreme fluctuating pressuresencountered within the three-

dimensional separated flow field are attributed to the shear interaction of two mojorvorticeswithln the separated region.
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FIowField_M = 1.60, h/D=2.0_O

a. r/D = 0.750 to 0.875, _D = 0.125 231b. r/D = 1.000 to 1.125, _.JD = 0.125 231
c. r/D = 1.250 to 1.375, _/D = 0.125 231

d. r/D = 1.500 to 1.625, EJD = 0.125 232e. r/D =-1.750 to 2.000, E/D = 0.125 _ 232
f. r/D = 2.000 to 2.500, E,/D = 0.500 232

!
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LIST OF SYMBOLS

Symbol Descrlpt;on

A(k) Finite Fourier transform of discrete function X

A'(k) Smoothed form of A(k)

B(k) Finite Fourier transform of discrete function Y

B'(k) Smoothed form of B(k)

B Frequency bandwidth of the overall level computation

J C1, C 2 Constants dent :'ng the decay rate of empirical cross-spectra

J Static coefficient (see Appendix A)Cp pressure

C(_,f) Co-spectral density (see Appendix B)

J c(_, 0 Normalized co-spectral density (see Appendix B)

J Z_ Root-mean-square coefficient of the fluctuating about theCp(RMS) pressure mean,

&P(RMS)/qoo

I D Protuberance diameter

i E(f) Frequency responsefunction for the microphone systemelectronics
e [ ] Error term for the parameter within thebrackets

1 f Frequency

i f_ Lower frequency of 1/3-octave band
fu Upper frequency of 1/3-octave band

Z_f Frequency bandwidth

I A fk Frequency bandwidth correspondingto k
fl/o Frequency bandwidth for 1/3-octave band

/@

J G(_ ,f) Total crosspower spectral density

XVlll
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LIST OF SYMBOLS (Continued)

I Symbol Descrlption

I h Protuberance height
I(k) Periodogram of a discrete function of time

I T(k) Averaged periodogram

j Index of discrete functions of time such that the time cGvrespondsto j A t

I k Index of discrete functions of frequency such that the frequency corresponds
to k Af

_s Length of the separated region induced upstream of the protuberance with
_s = 0 at the plotuberance center

Mn Mach number at boundary layer probe n

Moo Free-stream Mach number

M(f) Frequency response function for the effect of finite microphone size

f m Number of discrete data used for each Fourier transform when calculating
the averaged periodogram from subsoctionsof a function of time

N Total number of discrete data used in calculating statistical parameters of
fluctuating pressuredata (total numberof digital samples)

n Number of stc_tistlcal degrees of freedom of computation

OASPL Overall sound level in dB
pressure

Pj_ Local static pressure

i Ps Local static pressurefor orifices nearest the forward and aft rakes

Tota I rePt pressu

P Free-stream static pressure

F °
p Number of subsections of microphone data of length m formed from the total

number N

i
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LIST OF SYMBOLS (Continued)

i Symbol Descri ptl on

_ AP(RMS) Root-mean-square fluctuating pressure level

Q(_ ,tO Quad-spectral density (see Appendix B)

q(_,tO Normalized quad-spectral density (see Appendix B)

qco Free-stream dynamic pressure, 0.7 P M2
go co

R(f) Total frequency response function, E(f) M(f)
I

_ Re Reynulds number per foot (unit Reynolds number)

" ReD Reynolds number based on protuberance diameter

RMS Root-mean-square

_ r Radial location of test panel instrumentation with r = 0 a_ the protuberance
center. For the present report, negative values of r/D denote the region

" upstream of the protuberances and positive values denote the region down-
- stream of the protubr,rances

S(f) 1/3-octave band sound pressure level, dB

s.d. [ ] Standard deviation of parameters within the brackets

I T Time

i Tt Free-stream total temperature

At Increment of time

i U Local mean velocity

i Uc(f) Narrow-band convection velocity

_c Broad-band convection velocity

i Un Velocity at boundary layer probe n

i ', U_ Local mean velocity over the test panel

Uoo Free-stream velocity

I
XX
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I LIST OF SYMBOLS (Confi',oc'd)

I Symbol D_.scri F.ti.,n

u Local fluctuating velocity

I VCO Voltage controlled oscillator

i X(]) Disc,ete function of time obtained at j At values of time

X(k) Discrete function of frequency obtained at k Af values of frequer,-7

I x Coordinate in the direction of flow

I Y(]) Discrete function of time obtained at ] At values at tim=

Y(k) Discrete function of frequency obtained at k Af values of frequency

1
y Vertical position over the wall of the 8-inch diameter protuberance

I
Greek Symbol

I al(_ ,f) Phaseangle between signals measured _ apart at freauency f

2a
/' ('_, f) Coherence function (see Appendix B)

: 6 Boundary layer thickness

• I 8" Boundary layer displacement thickness
"IF'

: I e Boundary layer momentumthickness
' E)+ Polar angle of static pressureorifices measuredclockwise when vleweing the

test article from above with 0+ = 0 deg at the upstream ie,_gitudlnal center!in_!
O- Polar angle of the microphones measuredcour.rerclockwlse when viewing the

test panel from abcve with D- = 0 dog at the upstream longitudinal centerline
e [ ] Normalized standarderror of the parameter within the brackets. Statistical

uncertainty, based on a 68 percent confidence level, is given Dy 4-e
_. _ Longitudinal separation distance between two mlcl'ophones

1" Wall shear stress

I xxi
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LIST OF SYMBOLS (Contin,Jed)

I Greek Symbol Description

_(f) True power spectral density
e(f) Computed power spectral density

I _/,f), Computed power spectral density at a point _ from the location of a
neighboring point for which _ was computed

I 9(k) Computed power spectral density of discrete functions of frequency obtained
at k Af values of frequency

J w Circular frequency

i Subscript
B .r)enotesunperturbed boundary layer noise

I E Denotes total extraneous noise .

J . e- Frequency responsefunction due to microphone systemelectronics
| Denotes instrumentation noise

I m _ Denotes microphone location over the wall of the 8-inch diameter
protuberancen frequency respome function due to microphone size

I n Boundary layer profile conditions at the location of probe n of the boundary
profile rake (see Figure 10).

I 0 Protubera_e-free conditions

I p Denctesstatic pressureorifice location over the wall of the 8-inch diameterprotuberance

I R Denotes total frequency responsefunction terms

- s Denotes statist'.,caluncertainty term

I T Denotes tunnel b_ckgraund noise

I t Denotes technique ei_rorand uncertainty terms

x Correspondingto the time function X -'

I xxli

I
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LIST OF SYMBOLS (Continued)

I Subscript Description

y Corresponding to the time function Y

x, Cross term corresponding to the time functions X and V
|
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I .0 INTRODUCTION

1 .1 Background

Protuberances have an infinite number of possible geometries so that a general
discussion of the flow field is difficult. For example, the Saturn V alone has
approximately 75 individual protuberances which include reaction control rockets,
auxiliary propulsion_ystems, vents, tunnels, etc. (Reference 1). Each protuberance
generates its own flow fie_d which may interact with the external flow field already
present and lead to the imposition of large steady ond fluctuating loads on both the
protuberance and the surrounding structure. It is obviously impractical to investigate
the environment of every protuberance which may be attached to the external surface
of a launch vehicle, especially if some general features of the flow can be deflnecl
from a systematic 'study involving generalized protuberance geometries. In view of
the Free interaction hypothesis first advanced by Chapman, Kuehn, and Larson (Refer-
ence 2), it appears that the use of generalized protuberance shapes is a reasonable
approach in studying protuberance flow f.elds. Essentially, they suggest that boundary
layers undergo separation in a manner which is independent of the original cause.
The separation commences well ahead of the protuberance, so that it is reasonable to
suppose that the flow near the separation point is unaffected by the detail geometry
of the protuberance. This phenomenon has be_:n proven in experiments for two-
dimensional supersonic flow and it is expected to apply to the three-dimensional case

-• as well. However, even with this simplification, the flow close to the protuberance
must be expected to be a function of the detailed protuberance shape. It follows that
a definitive study of protuberance flow would involve measurements on the protuberance
as well as on the structure which is in close proximity to the protuberance.

"-i

For the past two years, Wyle Laboratories have been engaged in a research program
- under Contract NAS8-21026 with NASA-MSFC to investigate the steady and unsteady

aerodynamic characteristics of the flow around three-dlmenslonal protuberances which
extend into, and well beyond, attached turbulent boundary layers. The first task of

this study was to conduct an extensive search of available literature for the purpose of
_ accumulating data for a variety of protuberance geometries. Resultsof the literature

survey indicated that considerable data were available for evaluating the mean flow
around protuberances at supersonicspeeds(see References 3-16, for examples).

: However, little data were available on the fluctuating air loads which may be
experienced in the vicinity of the protuberances. Further, there appeared to be a
complete lack of both steady and unsteadyaerodynamic data .ur protuberance flows at
transonic speeds, particularly for three-dimensional protuberanceS. This lack of tran-
sonic data posesa serious problem in predicting the steady and fluctuating air loads in
the vicinity of protuberances for a launch vehicle, since, in the transonic flow

j[ regime, a launch vehicle experiences maximumdynami_ pressureand, consequently,
maximumaerodynamic loads. However, for the literature survey, somegeneral

E features of protuberance flows were discovered and the results of this study aresummarized in Reference 17.

I 1
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i Following the survey and analysis of the data from published literatjre, a smal_ scale
wind tunnel test program was planned and subsequently -_ondL'cted '" the MSI:C 14 by

I 14 inch Transonic Wind Tunnel. This test was conduc._edwith three primary objec-tives. The first objective was to investigate general features of protuberance flows at
transonic speeds using generalized protuberance geometries. Right circular cyli'_der_

I of varic_js heights and diameters which project into the flow with the cylinder axisnormaq to the flow direction were selected for th.;s study. The second objective of the
small scale test was to investigate similarities between the flow fields for generalized

l protuberances and the flow fields for protuberances with specific geometries. Forthis phase of the study, models of the reaction control system (RCS) and the auxiliary
propulsion system (APS) on the Saturn V were tested at the same conditions as for the

_- generalized protuberance study. The third objective was to obtain base data that
could be used to plan a large scale investigation of protuberance flows. The test
results for the small scale wind tunnel study are presented in Reference 18. At best,

I the small scale test results revealed only cursor,/features of the protuberance flow
fields due to the limitations imposed by the model size on instrumentation density and
measurement accuracy. This is particularly true for fluctuating pressure measurements

i because of the relatively large size of the microphones.

1.2 PresentTest Program

The large scale wind tunnel test program, reported herein, was planned to obtain more
detailed static and fluctuatinq pressuremeasurementsfor protuberance flows. For this

_i test, an existing model of the that tested in the small scale
samegeneral design as

study, but of considerably larger scale was used. The test was conducted in the
PropulsionWind Tunnel, Transonic (16T) at the Arnold Engineering Development

i- Center (AEDC), Arnold Air Force Station, Tennessee, from May 22 through ,June 7,
1968.

wind test reported herein was based to some degree on the free interaction
The tunnel

hypothesisdiscussedin Section 1.1. A basic detailed studywas conducted using
cylindrical protuberancesof various heights and diameters for which some mean flow

data were available. A baslcreference length in the separated boundary layer ger_.erated
by a protuberance is the undisturbed boundary layer thickness. Thus, protuberance

height and diameter mustbe scaled with boundary layer thickness, and to accomplishthis the test configuration included protuberances lying both within and well beyond
the boundary layer. In addition, protuberances having more specific geometries were

tested which consisted of scale models of the RCSand APS protuberances on theSaturn V.

The primary objective of the test was to determine the steady and fluctuating pressurecharacteristics of the k.otuberance flow field so that the environmentsof both the pro-
tuberances and the surroundingstructure could be adequately defined. A compre-

henslve description of the test program was presented in a pre-test report, Reference19. The test was performed according to the test plan with only minor modifications.
Pertinent excerpts from this reference are included herein for the purposeof clarity

- t
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and coherence. The protuberQnces were mounted to a curved panel model which was
supported above the floor of the wind tunnel test section in a splitter-plate type
installation. The surface panel and certain protuberances were instrumented with
static pressure orifices and microphones to obtain the desired steady and fluctuati,lg
pressuremeasurements. Also, pitot pressure rakes were installed in the test panel to
obtain descriptive boundary layer profile measurements. A comprehensive discussion
of the test apparatus is presented in Section 2.0. The protuberanceswere tested over
a range of Reynolds numberand Mach numbers The detailed description of t[_e test
conditions and procedure is presented in Section 3.0. The data reduction procedure,
which consisted of both on_line Gnd off-line phases, and an analysis of _heprecision
of measurementsare presented in Sections 4.0 and 5.0, respectively. A general dis-
cussion of the test results is presented in Section 6.0. It should be noted that over
300,000 static pressuremeasurementsand over 100,000 microp.lone recordings were
obtained during this test. Thus, any reduction and analysis of the test results mustbe
selective. For the present phase of the study, emphasiswas placed on the reduction

_ and analysis of data -_btained from the longitudinal centerline distribution of inst.nu-
mentswhich were located in the plane of symmetryof the perturbed flow field. An
analysis of these data, which defines the salient characteristics of the static and
fluctuating pressuresassociated with the protuberance flow field, is also presented in
Section 6.0. Fromthese data, the basic features of the flow field induced by three-
dimensional protuberances and similarities and differences between two- and t'.lree-
dimensional protuberance flaws have been defined. Finally, conclusions resulting
from this study and a description of areas to be studied in the future are presented in

'_ Section 7.0.

It

L

i"

,i

1969030742-027



2.0 TESTAPPARATUS

2.1 Test Facility

The test was conducted in the Propulsion Wind Tunnel, Transonic (16T) at AEDC.
Tunnel 16T is a variable density wind tunnel with a 16 ft square test section. The
walls of the test section are composed of perforated plates which all,)w continuous
operation through the Mach number range from 0.55 to 1.60 with minimum wall
interference. Details of the test section showing the model Io_.atlon are presented
in Figures 1 and 2. A more extensive description of the tunnel is given in the AEDC
Test Facilities Handbook and the latest calibration results are presented in Refer-
ences 20 and 21.

2.2 Test Article

The basic test article consisted of a 30-degree segment of a cylindrical shell having
a radius of curvature of 130 inches. The curved panel was mounted in a splitter-plate
type fixture which was supported above the tunnel floor (see Figure 1). The pro-
tuberances and instrumentation were mounted on a secondary panel (hereafter referred
to as the test panel) which was 36.00 inches wide and 75.18 inches long and flush
fitt the basic panel structure (Figure 3). The right hand side of the test panel
(when ,_J looking upstream)was attached to the basic structure through hinges
which allowed the test panel to be pivoted open and, thus, provide easy access to the
instrunentation and protuberance drive systemwithout having to completely disassemble
the test article. Also the instrumentation and drive systemwere attached to the test
panel so that they were exposed when the model was open as shown in Figure 4 This
feature of the model design greatly simplified model configuration changes and the
replacement of instrumentation. Protuberancesfor the basic study were right cylinders
of 2-, 4- and 8-inch diameter and were telescoped into the flow over the test panel
withthe axes of the cylinders normal to the flow direction. Geometric details of the
protuberancesare shown in Figure 5. All the protuberanceswere raised and lowered
with the samedrive system. The drive system, shown_n Figures 4 and 6, enabled the
protuberances to be remotely raised and lowered to any height ranging up to 8 inches.
Space limitations inside the splitter-plate limited the maximumtravel of the drive
systemto 8 inches and since it was desirable to test all of the protuberances at heights

! ranging up to at least two diameters, it was necessaryto add an 8-inch extension to
the basic 8-inch diameter protuberance for certain runs. In the fully retracted posi-
tion, the top surface of all but the 8-1nch diameter protuberance with the 8-inch

I extension were flush with the test panel _urface.

I The drive system(Figure 6) consisted of three jack screwsand a llft plate to whichthe var;ous cylindrical protuberances were mounted. The drive systemwas supported
between the underside of the tesf panel and a baseplate by six support rodsand two

spacer bars.- The jack screwswere driven by a common1/3 horsepower, 30 rpmelectric motor through a chain and sprocket drive system. An O-ring seal was inserted

I
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in the test panel cround the proh,berance to seal the splltter-plate cavity from the
top of the test panel and tkus prevent leakage of air between the protuberance and
test panel during the test.

Protuberance configuration changes were accomplished by removing the protuberance
cap (see Figure 6) and detaching the base of the protuberance from the lift plate.

•, Hole patterns in the lift plate provided for mounting all of the cylindrical protuberances
on a common centerline as wel! as rotating the 8-inch diameter protuberance from

0 degree to polar angles of 15 and 60 degrees (counter clockwise when viewed from
the top). For the 2- and 4-inch diameter protuberances, the gap between the test
panel and the protuberance was filled with an instrumented insert panel. The insert

t panels were attached to the test panel in the place of the removable ring (see Figure 6).O-ring seals similar to that used for the 8-inch diameter protuberance, were inserted
between the insert panels and the smaller diameter protuberances to seal the gap.

t

In addition to the basic study, models of the RCS and APS protuberances on the
Saturn V of approximately 20 percent scale were tested. These models were mounted
to the same test panel used for the basic study, so that existing instrumentation
could be utilized. Details of the RCSand APS protuberances are not presented herein,
since test results for these configurations will be forthcoming in a later report.

2.3 Instrumentation for Data Acquisition

'_ |r,:trumentation in a given configuration _f the test article consisted of a maximum
of 296 static pressure orifices and 122 piezo-electric microphones which were flush
mounted in the test panel and the 8-inch diameter protuberance. The basic 8-inchT_

diameter protuberance and the 8-1nch diameter protuberanc_ with the extension are
! the only protuberance_ that contained instrumentation. Details of the instrumentation

in the test panel, the insert panels and the 8-1nch diameter protuberance configurations

shown in 7, 8 and 9, respectively. The test panel contained 216 static
are Figures
pressureorifices that were distributed _n a polar array centered at the protuberance
center (Model Station = 0), Figure 7a. The polar angles for the static pressureorifices

denoted E)+ and measured in the clockwise direction when the testby viewingare are

panel from above. Most of the static pressureorifices were distributed along the
¢enterJine of the test panel (_)+= O, and 180 degrees) and to the right side when

f viewed looking upstream. One ray of static pressureorifices was at
located e+ 27o

degrees sothat symmetryof the flow could be determined. The locations shown in
Figure 7a are nominal dimensions and exact locations are presented in Reference 19.

i Also, the test panel contained 107 microphones that were distributed in a polar array
along the panel centerline and to the left side of the test panel when viewed looking

j upstream (Figure 71o). The polar angles for the microphonesare denoted by 6" andare measured in the counterclockwise dlrectlon when viewing the test panel from
above. This array of steady and fluctuating pressureinstrumentsprovided optimum
utilization of the instrumentssince the protuberance flow fields were symmetrical

I_" about the panel centerllne.
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The insert panels that were used for the 2-. and 4-inch diameter protuberances
contained static pressure orifices and microphones that were distributed _n polar

- arrays similar to tl.ose of the test panel (see Figure 8). Each insert panel contained
39 static pressure orifices and 15 microphenes. Since the 2- and 4-1rich diameter
protuberances do not contain instrumentation, there were a total of 9.:,5 active

_. static pressure orifices and 122 active microphones for these two configurations. The
:4 total _lumber of microphone channels availabl_ • .ith the recorder system was limited

Lo 122. Thus, microphone distributions in the insert panels provided only qualitative

]j information of the unsteady pres._ureflow field in close proximity to 2- and 4-inch
1 diameter cylindrical Frotuberances. However, detailed definition of the fluctuating

pressure flow field near the cylindrical protuberances was obtained for the 8-inch

t diameter protuberance which had a relative high density of microphones in closeproximity to the protuberance.

| Both static and fluctuating pressure instruments were located in the basic 8-inch
- diameter protuberance and the extension of this protuberance. Details of the instru-

ment ;ocatlons for the 8-1nch diameter protuberance configurations are shown in

I Figure 9. The basic 8-inch protuberance contained 24 static pressure orifices and 6microphones distributed at polar angles of 0, 30 and 120 degrees in the wall of the
protuberance and 32 statlc pressure orifices and 9 mlcrophones distributed in a polar

I array in the protuberance cap. Thus, for this configuration, there were a total of272 active ._.rai_cpressure orifices _r,d 122 active microphones. For the 8-1nch
diameter p_'otubera__e configuration with the exiension there were 48 static pressure

I orifices and 15 mlcrophones dlstribut.;d at polar angles of 0, 30 and 120 degrees in
the wall of the protuberance. All of the microphones for this configuration were
located in the walls of the extens.on portion of the protuberance with the base of the

I protuberance and the protuberance cap containing only static instrumentation.
pressure

The protuberance cap contained 32 static pressure orifices as for the case of the basic
8-inch diameter protuberance configuration. Thus, for the 8-inch diameter protuber-

I ance configuration with the extension there were a total of 296 active static
pressure

orifices and 122 active microphones. Both 8-1nch diameter protuberance configurations
were rotated about the centerline from 0 degree to polar angles of 15 and 60 degrees

I such that static and fluctuating were recorded on the wall of the protuberances
pressures

at polar angles of 0, 15, 30, 45, 60, 90, 120, 165 and 180 degrees. Because of the
slight curvature of the protuberance cap_ it was necessary to malntain the cap at the

I O-degree position. That is, the not rotated with the
cap was protuberance.

Other instrumentation on the test panel consisted of two pitot pressurerakes wh!ch

I were extended through the for measurement of theboundary layer boundary layer
velocity profiles. Details of the rakes are shown in Figure 10. The forward rake was
remotely controlled so that it could be extended and retracted as desired durlng the

This rake such when in the ful retracted the
test. was designed that, ly position, top
surface of the test panel remained smooth. Further, this rake contained 15 pitot pres-
sure probesdistributed above the centerline of the test panel as denoted in Figure 10.

I pressure static orifice in the tust panel immediately aft of the forward
The for the

rake was recorded with the rake in the retracted position; and was used together with

I o
I

i
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the pitot pressures in the computation of the boundary layer velocity profiles in the
upstream vicinity of the test panel. The aft rake was a fixed device and was present
throughout the test. The aft rake contained 25 pitot pressure prbes which were dis-

i tributed above the panel centerline as shown in Figure 10. The pressure for the most
aft static orifice in the test panel was used in conjunction with the pltot pressures to

I compute the boundary layer velocity profiles for the aft region of the test panel.
I

A pitot-static probe was extended into the secondary flow between the splitter-plate
and tunnel floor to monitor the flow in this region. The previous small _,.,_e test

I indicated that the seconda:y flow may be partially blocked at Ma_'_ numbers near
1.0. By monitoring the pltot-static probe beneath the splitter-plate and the boundary

I layer rakes above the test panel, the effect of any flow spillage over the leading edge
I of the model could be Leadily determined. The static and total pressures (forward

rake only) were connected to a system of pressure scanning switches (Scani-valves)

which were mounted to the underside of the test panel A total of ten 48-port Scani-
. valves were available to record the pressures. A typical static pressure installation is

shown in Figure 11a. The total pressures for the aft rake were conditioned through the
_ AEDC-PWT Precision Pressure Balance (PPB) system. This system, which was considered
i to be more accurate than the Scani-valve system, was also used to compute a reference

pressure which was compared to its counterpart on each of the Scani-valves. The out-

" puts from the Scanl-valve and the PPBsystemswere reduced and tabulated on-line
- utilizing the AEDC-PWT digital computer facilities. Also, the static and total pres-

sure parameters were stored together with identification and test condition parameters,

i_ on 800 bpi, IBM compatible digital magnetic tape for post-te_ _ analyses.

The micrcpI ones (o, _r_sure transducers) used for this test were Kistler 6011. quartz

pressuretransducers. These microphones have a resonant frequency of 130 kHz and
previous calibrations conducted at NASA-MSFC indicate that frequency and phase
were linear up to 20 kHz. The full scale pressure range was 300 psi and the active

area of the diaphragm was 5/32-inch diameter. Kistler $53A charge amplifiers were
used to convert the quartz charge ,o a voltage signal. The charge amplifiers limited
the low frequency response to approximately 10 Hz. The amplifiers were also housed

inside the model. A typical microphone installation is shown in Figure ilb.

The Kisfler pressuretransducer systemswere calibrated in place by the use of o

Photocon model PC-125 acoustic calibrator which modified to be hand
was so as

held over each pressure transducer. The calibration level was 150 dB (referenced
to 0.0002 dynes per square centimeter) at 1 kHz.

!
The data acquisition systemfor the fluctuating pressuremeasurementsconsisted of the
NASA-MSFC, 20 kHz constant bandwidth multiplexer and 14 track, 1.5 MHz

magnetic tape recorder. A block diagram of the system is shown in Figure 12. The
multiplexer provided close phase matching for data groups recorded on a single
track and also enabled up to 122 data channels to be stacked on fourteen tracks.

The data channels were stacked 7 and 9 to a tape track witl" each channel having
a 10 Hz to 20 kHz frequency response. To provide for cross-spectrumanalyses between

I ,

i
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data recorded on different tape tracks, it was necessary to record a crystal oscillator
signal and a wide-band white noise signal on all channels at the beginning of each

" reel of tape since phase matching across tape tracks was limited by the alignment ofthe tape recorder heads and type skew. Also, the output from the c_'ystal oscillator
could be used in conjunction with a reference modulator to correct for tape speed

I errors. These signals were recorded continuously with the microphone data duringthe test. A complete system calibration was conducted immediately prior to the test
and spot checked periodlcaily during the test.

The vertical position of the various protuberances was measured by a linear poten-
tiometer which was housed inside the model. The output from the pote,,tiometer was

I conditioned through the AEDC-PWT force and moment readout system (FAMROS)and subsequently reduced and tabulated on-line. Calibration of this instrument was
performed prior to the start of the test and checked periodically during the test.

I
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3.0 TEST DESCRIPTION

3.1 Test Conditions

Basic tests of all protuberance configurations were conducted in the Mach number
range from 0.60 to 1.60 and at a constant Reynolds number of 3 x 106 per foot.
This unit Reynolds number was near the maximum that could be held constant in
Tunnel 16T for the specified Mach number range. The 4-inch diameter protuberance

r! was tested also at a Re,molds number of 1.5 x 106 per foot and the 8-inch diameter
protuberance at Reynolds number of 1.5 x 106 and 4.5 x 106 per foot. For the 4.5

million Reynolds number condition, the maximum Mach number attainable was 1.2;however, data were obtained at Moch number 1.4 at a slightly reduced Reynolds
number. Variations of unit Reynoldsnumberwith Math numberare presentedin
Figure 13a for the various configurations. Similar variations of dynamic pressure,

qco' with Mach numberare presented in Figure 13b.

_- Testswere conducted for the 4-inch diameter protuberance at o unit Reynolds
number of 3 x 106 per foot with an artificially thickened boundary layer ove_ the
test panel. For this study, the boundary layer was tripped near the leading edge

_- of the model so that the effects of boundary layer thickness on the protuber."nce flow
: field coul_ be evaluated.

i- During the latter part of the test, experiments were conducted to develop effective
_. flow visualization techniques in the region affected by the protuberance f!ow field.

These experiments were performed concurrent with other phasesof the test by using

_" a 2-inch diameter, fixed prGtuberance located near the edge of the model, off thetest panel. The Technique evolved in these experimentswas then usedto obtain
photographsof the flow patterns around the 4-1nch diameter protuberance installed

on the test panel. For the test, the Mach number ranged from 0.60 to 1.60 with
unit Reynoldsnumber held constant at 3 x 106 per foot. For all these studies, oil
with paint pigment mixtures of various colors was released forward of, around, and

behind the protuberance through small orifices so that the various regions of the
perturbed flow field could be made visible. The individual colors of oil were con-
trolled with solenoid valves which were regulated from the control room. The

reservoir containers for the oil were pressurizedto facilitate the flow of oil over
the test panel surface. The resulting flow patterns were recorded on color still and
motion pictures using cameras positioned on the top wall of the tunnel test section

at a location approximately over the protuberance. The primary all flow studies,
using the 4-inch diameter protuberance, were conducted during the lost two days of
testing. For these studies, the microphones were removedfrom the model, and the

hates sealed with Further, the lest panel was painted with white enamel
were epoxy.

to improve color identification of the oil flow patterns. This technique proved
extremely efficient for flow visualization over the test panel since it eliminated the

need between test conditions as required for conventiona| flow
to interrupt testing

visualization studies. That is, the oil for the present technique remains suffic:ently

E
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fluidic that it adjusts to a change in flow pattern rather easily; whereas, conventiona I
oil flow techniques (titanium dioxide solutions for example) require that the oil

I evaporate leaving a residue of substance in order to identify th_ flow pattern. Atitanium dioxide solution was applied to the test article for the last run of the test
to identi,y the flow putter, over the wall of the '-inch diameter protuberance at

I Moo = 1.0, h/D = 2.0. For this run, the surfaces of the test p_nel and protuberancewere painted black.

3.2 Test Procedure

Prior to testing on each day, a complete system calibration was performed. This

"pre-test" calibration consisted of zeroing the protuberance height potentiometerreadout, leak checking of all the pressure orifices and probes, and both acoustically
and el_ *rically calibrating the mlcrophone/data acquisition system. The acoustic

[ calibration consisted of exciting each microphone at 150 dB with the Photocon PT-125
JI calibrator, and adjusting the input electronics to the tap_ recorder so that _q,:al

sensitivity was obtained for each m:crophone channel. The electrical calibration

consisted of inserting a 458 mv (equivalent to 170 dB which was full scale) 1000 Hzslnusoldal osciilator signal into the microphone charge amplifier ;elf-test inputs and
recording the resulting signal on the data tape. This calibration was followed k_ya

45.8 mv (equivalent to 150 dB_ 1000 Hz self-test input which was recorded also onthe data tape. Further, a broad band randomnoise signal was recorded on tape
through the self-.test input. The slnusoldai self-test calibration v,as repeated at the

beginning of each new reel of data tape during each day of testing. Periodically,
the entire microphone/data acquisition calibration s_.quencewas repe..ed following
a day of testing for hot "post-test" calibration recu,d_,.

!
For air-on testing of the cylindrical protuberances, the protuberance height was
varied wlt'n Mach number held constant for a given run. In general, data were

I obtained for monotonic increases in protuberance height because of possible hysteresis
effects associated with boundary layer separation. For several configurations and test
conditions, data were obtained also for variations in protuberance height which

I decreased that effects could be evaluated. Theremonotonically hysteresisSO W_3S no

noticeable effect on the test results. Theprocedure of varying protuberance height
while holding Math numberconstant wasadopted because of the |esser time involved

I protuberance height variations as compared to However,
in v_riatior_ in Math number.

for the RCSand APS protuberances, variations in height were riot rec_ired, a_Jddata
were obtolned for monotonic var_ntions in Moch numbel - with bot',_increasing on:]

i decreasing trends.

I The test procedure for each cylindrical protuberance wasas follow_:
• Data acquisition with the protubelance and forward rake in

i the fully retracted, :lush, position.

I I0
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I
I • Data acquisition with the protuberance in the retracted

position and the for,yard _c'ke in the fully extended postion.

I • Data acquisition with the rake in the retracted position and
the protuberance extended to heights ranging from zero to

I ":;ght inches in fixed increments of 0.25 diameters.

The data acqulsiiion procedure consisted of, first, acquisition of the static pressure

I dgta followed by acquisition of the fluctuating pressurerecordings. Previousexperi-erie _:.ith _e present _._t.oJmentation systemsindicated that noticeable instrumentation
noise was generated by the operction of the Scani-vaive cyclic drive systemswhich

I affected the microphonesignals. Thus, static pressuredata and microphone data wereobtained in sequential order rather than simtJItaneously. This procedure also allowed
for examination of the on-lir.e tabulation of mean flow data prior to proceeding to

new test conditions.

For sever__ configurations and tunnel test conditions, data were also obtained for

i tramient variations in protuberance height (with Mach number held constant) and
tmmient variations in Mach number (with protuberance height held constant). For
these runs, the protuberance height and Mach number were monitored and static pres-

suredata were obtai_.ed at discrete int,_rvais without stopping the transient ru,_ for
data acquisition. The microphone outputs were recorded continuously for the duration
of each transient run.

|
|
!
!
!
!
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I
I 4.0 DAI'A REDUCTION PROCEDURE

I 4. | lntrodu:tion

It was necessary to perform a relatively extens;ve reduction of the measured data to

I define the tunr,e! test environment and the basic r:.ean-flow and unsteady-flowenvironments induced by three-dimen,Jonal protuberances at transonic speeds. It i_
convenient to discuss the data reduction in terms of 1) tunnel flow parameters,

2) mean-flow parameters for the p._otuberance flow field, and 3) unsteady-flow
parameters for the protuberance flow field. It should be noted that the computation
of mean flow parameters was performed on-llne during the test; whereas, the compu-

I tafion of the unsteady-flow parameters was performed off-line, subsequent to the test,
utilizing the microphone record;ngs stored on magnetic tape.

4.2 Tunnel Flow Parameters

The computation of tunnel flow parameters was performed on-llne during the test

using stcndard data acquisition and computer program routines adopted for this
purposeby the engineering personnel at AEDC. It suffices to state that the following
flow parameterswere computed and tabulated utilizing the facilities at AEDC.

• Free-Stream Mach Number, Moo

• Free-Stream Dynamic Pressure, qco
• Free-Stream Satic Pressure, Pea

• Free-Stream Unit Reynolds Number, Re/ft
• Stilling Chamber Total Pressure, Pt

. • Stilling Chamber Total Temperature, Tt

4.3 Mean-Flow Parameters

The computation of mean-flow parameters over the test article for the various
configurations consisted, primarily, of reducing the measur6dstatic '_ndtotal

pressuresto descriptive eng;neerlng terms. The static pressuremeasurements
were reduced to ratios of the local to free-stream pressure, Pl/P_o and to

Jl standard pressurecoefficients , Cp. The total pressuresfrom the boundary layerrckes were reduced to ratios of velocity, Un/UQo , and to profile Mach number, Mn .

The boundary layer displacement thickness, 8", and momentum th3ckness, e, were

Ji computed also from the total at both the forward and aft rake positions.
pressures

Further, the boundary layer displacement thickness and momentumthickness were
computedat model ttatlon zero utilizing Bie's empirical relatlonshlps (Reference 22).

[_ The reduction of all static and total measurementsto mean-flowpressure parameters
were performed utilizing the digital vomputer facilities in the AEDC PropulsionWincL

II 12
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I Tunnel Facility. Pertinent equations used in the computation of the mean-flow

parameters are presented in Appendix A. A typical printout of the on-line data

I is presented also in Appendix A.

4.4 Unsteady Flow Parameters

I The computation of unsteady flow parameters to define the salient fluctuating pres-
sure characteristics of the perturbed flow field induced by three-dimensional protu-

I berances consisted of reducing fhe microphone recordings to descriptive statistical
- parameters. The procedure for this data reduction was very complex and certainly

the mosttime consumingphase of the study. Bothanalog and d'..git.nltechniques were

I employed in the data redt:ctian processas noted in the following sections.

4.4.1 Analog Data Reduction

I The analog data reduction instrumentation consisted of the following:

• A | .5 MHz magnetic tape recorder with a nine channel,demodulator/tuner systemfor demultiplexing the FM signals
recorded on each tape track. The demultiplexed signals

were a reconstruction of the originally recorded microphone
signals for the frequency range from 0 to 20 kHz.

• A B_el and Kjaer Type 2112 Audio Frequency Spectrometer.
The B&K spectrometer provided for 1/3-octave spectra and
overall soundpressurelevel analyses.

• A Br_el and Kjaer Type 2305 Graph!c Level Recorder. The
B&K Level Recorderprovided plots of the 1/3-octave spectra

and overall sound level.pressure

The analog instrumentation was used in the reduction of all fluctuating pressure

measurementsto soundpressure level (OASPL) which were plotted on a dB
overall

scale by the graphic level recorder. Approximately 15 secondsof the real-time
microphone signals were used in the analysisof each OASPL. Further, the frequency

range covered by the analog equipment for the determination of the OASPL was from
2 Hz to 20 kHz.

Ii The procedure adopted for the OASPL data reduction was to, first, adjust the data
reduction electronics to give a 170 dB reading onthe graphic level recorder for a

458 mv calibration signal recorded on each reel of tape for each data channel to bereduced. The calibratlon signal was recorded for each channel so that a permanent
record could be maintained. Following the calibration set-up, the desired data

channels were reduced to OASPL. This procedure was repeated for data on each newreel of tape. The OASPL data were reduced further to root-mean-square coefficients

[_ 13
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I of fluctuating pressure, ACp (RMS), by hand computation, using the following
equation to relate the OASPL to the RMS fluctuating pressure:

J OASPL = 20 logloAP(RMS) + 127.582 dB (4.1)

J where the OASPL is referenced _o2 x 10"5 Newtons meter and
per square

_P(RMS) is in units of poundsper squarefuot.

The a'_alog instrumentation facilitated reduction of the
g rapid fluctuating pressure

measurementsto RMS coefficients, thus, enabling the important microphone channels
to be selected for digital reduction to more complex statistical parameters. The analog

I data reduction instrumentation employed also to obtain
was 1/3-octave spectra of

representative microphone channels for comparison with digital computations.

4.4.2 Data ReductionDigital

Selected data were reduced to descriptive termsusinga CDC 3300 digital computer

facility. The output from the magnetic tape systemwas converted to digital form
using the CDC 3300 computer equipped with Texas InstrumentsModel 846 analog-to-
digital converters and two model 845E multiplexers. The computer systemwas capable

_ of acquiring analog data and converting it to digital format over two simultaneous
channels at a rate of 41,700, 12-bit samplesper second per channel. The converted

data was recorded on 7-track digital magnetic tape for subsequentanalysis and tabu-lation. A comprehensive description of the computer programsused for digital analysis
of the fluctuating pressuredata is presented in References 23 and 24. The computations

i consisted of the following parameters.
e Root-Mean-Square Fluctuating PressureLevel, _P(RMS), psf

I • Overall Sound_:lessureLevel, OASPL, dB
• 1/3-Octave Center Frequency, f, Hz

• 1/3-Octave Reduced Frequency Parameter, f_/U c
• 1/3-Octave Sound PressureLevel, S(f), dB

• Power Spectral Density at 1/3-Octave Center Frequencies, 9(f), (psf)2/Hz

• Normalized Co-Spectral Density, c(_,f)

I • Normalized Quad-Spectral Density, q(_,f)

• Total Cross-Spectral Density, G(_,f), (psf)2/Hz

Angle, _(_,f), deg
Phase

• Coherence Function, ¢(_,f)

L Convection Velocity, Uc(f), ft/eec
e

14
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The analog forms of pen::_ent data reduction equations for the foregoing unsteady_

t/ flow parameters are presented in Appendix B.

I It was noted in the preceding section that the fluctuating pressureswere reduced to
RMS levels using analog instrumentation. However, data which were selected for

I more complex analysis on the computer were also reduced to RMS levels, thus, pro-
viding a meansof cross-checking the results. A discussionof the comparison between
analog and digital results is presented in Section 5.3.3. The digital computation of

i RMS fluctuating pressurewas performed using digital samples taken at N points in

N _

Z_P(RMS) - P (4.2)

where Pn is the digital sample of the pressureP(t) with P"= 0.

_ The method of digital computation of the spectral density parameterswas based on a
direct, finite, Fourier transform of the pressuretime signals which were thence con-

i vetted to Dower spectral density. The "Fast Fourier Transform" (FFT) algorithm wasused to calculate the finite Four|er transform. The method is briefly summarized in
the following paragraphs.

Let X(j) and Y(j) be the microphone pressuresignals recorded at times j At, that is,
the time functions defined at N points in time, At apart. The finite Fourier transform

of X and Y are:
N-]

[ A(k) = _'1 _ X(j) exp ('2"i-_')j=0 (4.3)

= 1 (-2_i kj| 8(k) _. V(j)exp -_ (4.4)

I j=0
where

I k = 0,1,2, ..., N-1

[ , : ¢:-r
A spectral window is required and may be applied by weighing the X and Y samples;

or, for the window used in the present analysis (see Reference 24), be applied by
may

smoothing the real and imaginary parts of A and B with weights -1/4, 1/2, -1/4. Thus,

| is
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I modifiedperiodogramsare usedCaperlodogramobtainedfromdata to which a window

other than the Dirac combfunction hasbeenapplied is knownasa modifiedperiodo-

i gram). Themodifieddirect- andcross-periodogramsof the signalpairsare:
Ix(k) = IA'(k)lz (4.5)

I [y(k) = I B'(k)12 (4.6)

I Ixy(k) = A'(k) B'*(k) (4.7)

I where A'(k) and B'(k) are the smoothedformsof A and Band the asteriskmeans
complexconjugate. Theseperlodogramsmaybe convertedto powerspectraldensity
with each value having2 degreesof freedom. To increasethe statistical accuracy,

a seriesof p periodogramsfromadjacent setsof data are averaged, thusgiving power
spectraldensityresultswith 2 p degreesof freedom. Themethodis to divide the N
valuesof X(j) andY(j) into p sectionseach of length m, sumthe |(k) for each k and

divide by p, i.e.,
P

1 _E_ [Ix(k)] r (,,.8)
Tx(k) ='P" r=l

P
1

Ty(k) = p _ [ly(k) ]r (4.9)
r= 1

P

= 1 _ [lxy(k)} r (4.10)[
where now k = 0,1,2, ..., m - 1 and the total numberof valuesof each signalwhich
hasbeenusedIs mp. Powerspectraldensityresultsare definedfor m/2 + 1 positive
frequenciesfrom0 Hz to 1/(2 At) Hz, giving a frequencyinterval of 1/(m At) Hz.
Thedirect andcross-powerspectra! densitiesare given by

I" _x(k) = 32 m At l"x(k) (4.11)

. _y(k) = 32 m At ly(kj (4.12)

[! _xy(k) = 32 m AtTxy(k) (4.13)
f¢; :he spectral windowdefined for the modifiedperiodogramas discussedin
Reference24.
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The power spectral density expressions given above were obtained at the frequency
interval of 1/(m At) Hz and subsequently converted to values zepresentative of 1/3-
octave bands, USASI preferred frequencies were used in the specification of the 1/3-
octave frequency intervals and center frequencies. This averaging process was per-
formed ut!lizing power spectral densities from Equations 4.1 1 to 4.13 contained within
each 1/3-octave band as follows:

f
II

= 1 _ _x(k) Af k : _(f) (4.14)
_x(f) /_f'_/3 f_

fu

¢py(f) - Afl/31 f_ cy(k) Af k = _ ' (4.15) _

fu _

_xy(f ) = ]__k_ _ 9xy(k ) Afk = G(_,f) (4.16)

where Afl/_ represents the 1/3-octave band, Afk is the interval aver which the

power spectral densities values _(k) apply, and f_ and fu are the lower and upper

frequencies respectively, of the 1/3-octave band, &f_/3 At the edges of each
, *

am:

1/3-octave band, the value of _(k) was obtained by linear interpolation between the iS

appropriate neighboring values of _f). It should be noted that this averaging process i
results in average energy per Hz within each 1/3-octave band rather than the total
energy in the 1/3-octave band. Further, this averaging processincreases the number
of degrees of freedom of the direct and cross-power spectral density estimates in _he
same way as averaging the periodogramsas indicated in Equations 4.8 to 4.10. See
Section 5.3.3 for a discussionof the statistical accuracy of the computation. It will
be noted in Section 5.3.3 that, to further increase _he statistical accuracy of the
computations at the low frequencies (below 200 Hz) and concurrently maintain
acceptable computational times, it was necessaryto average power spectral density
values over full octave bands. Thus, below 200 Hz, data are presented only at the
full-octave center frequencies. _

The method of calculating direct and cross-power spectral density results in which
the frequency range _sdivided Into a se,;es of bands, as des _ed In Reference 24,
was used in the data _eduction computer programs. This method requires the use of a
dlgilal filter to successfully halve the frequency content of the time signal. The

: largest frequency Interval Is obtained in the upper frequency band and the inter,,al is

17 _
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i

successively halved in each lower band. This processaccounts for the ronlinear

variations of the numberof statistical degrees of freedom and normalized standarderror with frequency as discussedin Section 5.3. A considerable amount of computer
time was saved by the digital filtering processcompared with the method of calculating

J the power spectral density with a constant frequency interval low enough to obtain theone-third octave band centered at 25.1 Hz.

The direct and cross-power spectral densities were used in the calculation of severaluseful functions which expressthe properties of the fluctuating oressure. Noting
that the cross-power spectral density consistsof both real and imaginary components,

such that

G(_,f) = C(6,f) -_ Q(_,f) (4.17)

the following functions can be defined:

Normalized Co-Spectral Density

c(6,_)

c(_,f) = (4.18)[_(f)_6(f)]½

where C((,f) is the real component of the cross-power spectral density, G((;f).

Normalized Quad-Spectral Density

|
q(6,f) = Q(_ 'f) (4.19)

where Q((tf) is the imaginary component of the cross-power spectral density, G((,f).

Coherence Function

_[ IG(_:,f)I'
y2(6,f)- = (4.20)

! l.c"ll. c'l
PhaseAngle

Foc(.f)]c=(6,f)" tan"i Lc((,F) (4.21)

(

)| ,,
i
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J Narrow-Band Convection Velocity

I 2.n f _ (4.22)u_(f) : _(_,f)

I Broaa-Band Convection Veloclty

k

_c = n = 1 (4 23)

_ Af n

'_ I n=l
: A typical printout of the digital computations is presented in Appendix B. Also, the

analog form of pertinent equations used in the computations are discussedin

: I App
endix B.

-I
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5.0 PRECISION OF MEASUREMENTS

5.1 Tunnel Flow Parameters

The uncei'talnties associated with maintaining tunnel conditions were computed by
AEDC personnel (Reference 25). Theseuncertainties are estimated as follows:

Mach Numbers Subsonic 4.0.n05

Mach Number, Supersonic + 0.C:_

Total Temperature 4-5°F

Total Pressure 4-5 psf

The uncertainties in tunnel flow parametersresult from variations in setting and
. maintaining tunnel conditions. The longitudinal variation of Math numberalong the

centerline of the test section in the vicinity of the model is not included in the above
values and reachesa maximumof 4-0.007 at supersonic Mach numbers.

5.2 Mean-Flow Parameters

• The pressuremeasurementsof the model pneumatic systemhave been ev;:luated by
measuringa commonpressureon all pressurescanning switches (Scani-valves) and

"" on the tunnel Precision PressureBalance (PPB)system. The variations were a function
_ of the test condition total pressure(or Unit Reynoldsnumber)and Math number.

variations were line-,r with tunnel total pressuresuch that, when expressed in terms o_
pressurecoefficient, the variations were constant at a given Mach number. The maxi-

mumvariations in Cp, based on the worst cas,_sencountered, ranged from ± 0.009 at
,. Moo = 0.60 to 4.0.026 at Moo = 1.60. Thesevariations were computed directly from

_ the variations in measuredstatic pressuresusing the PPBsystemas a standard and do not
take Into account the uncertainties associmed with either the PPEsystemor the
uncertainties in dynamic pressure.

1_ addition to the uncertainties presentedabove, variations in Cp were measuredover
the test panel for protuberance-free flow conditions (protuberance in fully retracted

_ position). These spatial variations resulted from nonuniform flow over the test panel
and are attributed to the aerodynamic chorocteristlcs of the model rather than varia-

f tions in tunnel flow. A discussionof the spatial variations in Cp due to nonunlform
aerodynamic effects ls presented In Section 6.2.1.

j" Unsteady Paramete_
5.3 Flow

Precision in the measurement and reduction of fJuct_ting preuum data is an

I: important, but often neglectede chom_teristic of the results, AIm_t any review of
published test results for fluctuating pressureenvironments will reveal cor_ideroble

fi
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I scatter (and often a lack of agreement) between the results from the various ,_xperi-

mental studies. One good example is the case of attached turbulent boundary layers.

I Here, numerousstudies have been conducted in both wind tunnel facilities and in[tee flight; however, considerable scatter has been shown in the results from the
various sources. Further, only in rare cases has the precision of measurementsbeen

I presented with the data. Thus, _t mustbe concluded that the errors and u,,certalntiescontribute signi.r_cantly to the lack of agleement between experl,'n..er_ts.This is
particularly true for fluctuating pressureenvironments of relative low overall level

I since numeroussources of error can be present in the measureddata which are of the- someorder of mag:_itudeas the fluctuating pressureof the phenomenaunder study.
For the £resent test results, a comprehensive analysis of the precision of measurements

I has been made. For the purposesof this analysis, the precision of measurementswillbe distinguished by 1) errors, and 2) uncertainties. Errorsare defined as deviations
from the true valL eswh_.chare deterministic in the sen: _ they can be assessed

I through proper calibration and analysis. Further, errors n ,e applied directly to themeasureddata to minimize the inaccuracies in the final results. Uncertainties, on the
other hand, are defined as deviations in the measureddata about the true value and

I are nondeterministic in the sensethat they cannot be applied directly to the data todetermine the true value. Uncertainties represent the confidence band or confiaence
limits of the test results. At this point it should ue noted that the data presented

I herein have not been corrected for the estimated errors. However, the errorsare
pre:.entedin a form whlc_ is consistent with that of the results, and, thus, may be
applied with relative ease to selected results. The extent of the present data reduc-

tlon and analysis (with the primary aim of determining the salient features of the
pro-

tuberance flow fields) precluded the correction of all the data for known errors, and
thus the data is presented in uncorrected form with the errorsspecified in this se,:tion.

I |naccuracie_ :-'nt_ _en__,_,rementand reduction of fluctuating pressuredata result
from a numberof sourcesranging from the inaccuracies associated with the data

I acquis|tion electroi_ics t._ the statistical :naccuracies of the final Tke
computations.

purposeof this section is to note the predominant sourcesof inaccuracies and to assesstheir
order of magnitude. It will be noted that errors presented herein could be interpreted

I uncertainties i_ the data, since effort has been ma6e the results for
as no to adjust test

known error contributions, For example, reasonable estimatesof ;nstrumentation
no|set tunnel background noise and system responseare determinable; however, these

I are relatively compured to of the fluctuating pressure
contributlom smo_ the level

associatedwith the protuberance flow field. Thus, the contributions from these
extraneous sourcescould be regarded a_ uncertainty errors in the precision of the

I measurementsif sodesired. O_ the other hand_ the data may be refined in accuracy
by applyln 0 the appropriate correct|am presented herein.

I
I
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The following tabulation consists of errors and uncertainties which are kne_vnto be
p_'evalent in the data presented herein:

• Extraneous Noise Errors

- [nstrumentatlon Sys;em Noise
-Tunnel Background Noise

• Frequency ResponseErrors

- System Frequency Response
- Finite Microphone Size

• Data Reduction Errors and Uncertainties

- Statisti:al

- Technique _.
T

In the following sections, the errors and uncertainties associated with each of the
foregoing sourcesare discussedand assessed. For the purposesof this analysis, it is _:
assumedthat the various extraneous noise sourcesare uncol rela_ed between microphone ._
channels :_uchthat noise correlation errorsare not present in the crc_s-spectral density _.
computations. A thorough exarr;nation of the noise correlation problem is in progress; ::
however, these results ore not available at this time for inclusion in ._hepresent report.
It is anticipated that a separate report will be prepared in the near future defining in !
more detail the uncertainties in the cross-spectra due to the possible correlation of
extraneous noise. The present precision of measurementanalysis has considered the
overall fluctuating pressure level and the power spectra. This analys;_ is summarized
in Section 5.3.4.

5.3. | ExtraneousNoise Errors

The presence of extraneous noise in recorded data r._y have a significant effect on
the accuracy of the various staristical parameters used to describe the characteristics
of randomphenomena under stu-Jy. For the present w;.ndtunnel investigation, the
recon:ledfluctuating Fressure data contained extraneous signals superin,rosed on the
true pressure-time histories. The notable extraneous r.oise sourcesare t!,e instrumen-
tation systemnorse a_ociated with the data acquisition equipment, and aerodynamic
noise associated wi;h the test facility air stream. Since the frequency domai, of
interest for the true fluctuating pressure_ta may coincide with that of the extraneous
noise, removal of th_ noise cannot be accomplished by a simple filtering of the
measuredsignals. 11,_us,one must .-e_rt to s_.stical meansof extrach._j the true
fluctuating p,_u_ ci_m t,Qm the m_o..umddata. One other aitema_,ive is to eva|uate

q the s_atlsti,:ai cham',,,m ;=t_., _f fi'.,eexl_mecm_snoise o_'_ .;'.:|ude these data as erro_

in the precis;on _ n-_ .,:.. This latter appr_ch is certainly feasible when the
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'_luc+'_e'"_ng oressures O$$OCIOTe,J_i:L :_'?,Jn$:e_37 ;Io.'_p_enomer_o uraef ._:vdi eel-

much !or_er than t_.--effec:iv_ Jeve! of the e_.rrc,._c_.;noise. _or t,'epresent test,

the levels of extraneous noise ore relotive_/ smoi_ cornF_red to the quc_ ,oti,,gpres-

sure levels associated wit_.the protuberance flo-,:Fief-:and, consequendy, the

extraneo_Js noise may be considered as uncertainties jr. the precislc_ of measurements.

A brief assessment of the two predominant ex,'raneous noise sources ® instrumentation

system no.:se and tunnc_ bnckground noise - are presented herein.

Inst_umen:ation Noise

The instrumentation system noise was analyzed f, om the wind-off data records. The

overall system noise levels expressed as equi .aJent RM_ fluctuating pressure and

representing the meo_. of the track-to-track deviations ore prusented as variations

with VCO carrier frequency in Figure 14a. The presentation of results representing

the mean of the i4 tape tracks is felt to be appropriate here, since track-to-track

deviations about the meat, are effectively errors in the error and, thus, have a second
order effect on the precision of the measurements. The systemnoise increased with
increasing carrier frequency. This increase is explained by: |) the noise of the tapo i

- recorder increases at higher freque"cies ccrrespondl,g to the higher carrier freq._.encies,
2) the high freque-cy channels are more sutcel_.;ble to tope f;utter due to their small
percentage deviation, and 3) the harmonics¢,_the lower frequency channels ore i
present in the higher ¢hanr_l pats bands. Previousco_.bratlom conducted i)y HAS/-
MSFC indicated tha; worse case signal,-to-noise ratios run from 26 dB to 38 IBrelative
to the full scale cle_iat|on oi"all channe!s. Theseclato are consistent .ith the present

test results which show mean signal-to-noi_e ratios ranging horn 27.7 dB for VCO
channel No. 9 to 37.3 dB for VCO channel No. !.

The power spectra of the instrumentation noise for the various microphone channels
examined were ai| :_n_|or in shape. Thus, it suffices to examine only the mean power
_,pectru--.obtained I _veragi_g the spectra for the nine VCO channels. The tape
tracks • ,vh;..htI_ni'_e VCO channels were sele:ted were typical of all 14 tracks.

it shc_u_dbe _....d that vo._otlons in instrumentation noise from channel to channel
result_ in o co, respondingvariation in measureddata. Thus, o comparison of ovem_ed _!
.nstrumentotlon noise with overogeci measureddata introduces little error into "he final
analyses. Further, deviat|on_ about th_ average due to channel-to.channel and track-
to-track variations ore errors in the error and thus may be comldered at having a tr.econoorde_effect _ previously mentioned. The mean st_eetrumfor the instrumentation
no_te it presented in Figu:e |4b at the dlstr_butlonof equivalent mean-square fluctuating
pressure .,:th frequency.

tu_,. lIk kgr® lNoI

The most&fflcultext_'_¢u_ nolle_'vr¢_toevalum_ Itthewind tunnelJx_k_nund - _"

no_se. Ai_cur_te measurementof the wind tunnel background hater it ccm_!lcotod by
_. fact ffic:t any coJlbr_timl probe will generate its ewn aerodynamic flow field which _,
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has been given to the problem of _ind tunnel noise, and the general trend has been
to ignore the problem. Fortunately, measurementshave been made for the te:r
facility used in the present study; although, these data do not completely define the
noise environment. The data, presented in Reference 21, consist of overall RMS
fluctuating pressureand power spectra. Thesedata were obtained using a slender,
modified cone having a 5-degree half angle. Microphones were flush mounted along
one meridian of the cone and spaced so that measurementscould be obtained in both

the laminar and turbulent regions of the cone boundary layer. Typical overall

fluctuating pressurelevels, in terms of the A Cp(RMS), are presented in Figure 1.%
for the Mach number range from 0.60 to I .40.-Maxim.Jm free-stream fluctuating
pressc'reswere present at Mach numbersnear 0.70. It will be noted that data for the
present study as obtained from the test panel with the protuberance in the fully
retracted position are presented also in Figure 15a, and these data compare reasonably
well with the calibration results. The data far the test panel at each Math number

j represent the mean of approximately 88 microphone readings taken along the center-
line of the test panel. As for the instrumentnoise case, the deviahons about the
mean have a second order effect and, thus, are neglected. The agreement between

the calibration probe results and the test panel results is not too surprisingeven though
a relatively thick turbulent boundary layer was present during the test panel measure-
ments. It will be shownthat the fluctuating pressurescontributed by the attached

turbulent boundary layer from 10 to 20 percent of the total fluctuating
range pre,ure

level based on a mean square comparison. Based on this finding, it is concluded that
the protuberance-free, test panel result_ can be used to estimate the extraneous noise

I by applying an empirical correction to these data for the turbulent boundary layer
halite. That is, with the protuberance in the retracted position (denoted by the sub-
script_ O) consider the measured pressure, P(t)0 , as the sumof three stationary random

I processes- tunnel noise, P(t)T, instrumentation noise, P(t)[ , and attached boundary

layer n_se, P(t)B, where the total extraneous noise, ""_r_._F., is the sum of P(t)T and

I such thatP(t)!,

t P(t)0 = P(t)T + P(t)| + P(t)B = P(t)E + P(t)B (5,1)

It foJlowt that, if the various componentsof the rne_:uredslyr-=!,P(t)0, =r_

I ,totistlcally independent, then the mean square fluctuat|n_ pressure i, given by

[ P(RMS)J2 2 _ 2
I o = efAP(RMS)IT �e[AP(_M$"'i "_ [AP(RMS)IB

| =, I"6,P(RMS)IE P(RMS)i S

where the prefix • denotel on error te..,,_... "

|
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in RMScoefficient form, the meansquarefluctuating pressureas given in Equation
5.2 becomes

[_Cp(RMS)I o {e [,_Cp(RMS)] 2 * • [,6Cp(RMS)]_ 2 };= T I + [ L_Cp(RMS)] B _
I

={erACp(RMS)I2+fACp(RMS)I2E B (5.3)

Thus, the test panel resultsmay be usedto obtainan estimateof the total extraneou;
noiselevel by direct subtractionof _hemeansquareboundarylayer noisefromthe
meansquaretestpanel data. A comprehensiveanalysisof turbulentboundarylayer
fluctuatingpressureshasbeenmadeby Lawson(Reference26). Thisanalysiswas
basedon a broadselection of experimentalresultsfroma numberof different sources.
An empirical formulafor the boundarylayer fluctuatingpressureleve! whichappears
to agree with the general trend in the data is given by .

[ ACp(RMS)] B = 0.006/(1 + O.1+ M 2) (5.4) i

The variation of the estimatedboundarylayer noisefromEquation5.4 with Mach +
+_ numberis presentedalso In Figure 15a.

;+ Utilizing Equations5.3 and5.4, the following expressionsare derivedfor the total +
' extraneousnoiseand the tunnel noise.
+ ,

•+ ! . +
"__ • [6Cr(RMS)J E = ([ACp(RMS)] 0 (I +0.14 m2)2 t (5.5) ,-
IlM _

I ' iACp(RMS)" 3'6 x |0"'_ t_ !

= - - ------------ (5.6) ;
:- • [ACp(RMS)] T [ACp(RMS)]° " II (I+0.t4 Mz)_ . _

g
where the Instrumentnoise, • [ ACp(RMS)]!' maybe obtainedfrom Fioure !Sb.

"l

J+ Variations of the total extmneous'nol_ Instrumentationnoise_and tunnel noisewith
/V_chnumberare presentedIn Figure 15b_,;_winga comparisonwith the total measured

+ results. It is evident that, for the prctubemnce-freecose_the tunnelnolte dominates

j the m_a__.L,red signal fromthe relative magnitudeof the cc,ntrlbuting procetsel, It Is
alto evident tl_t little imlght Into theattachedturbulent bour_ry layer cote could

I_ be galn._dfromthe testI_el measurementswith+th. _rotubemrmeretracted. A_aint
i_ It _ould be,_mphoslzedti_: ._h#primaryobjectiveof th|s studywasthe examination "_

r+ +
%
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i of the protuberanceflow fields and not the undisturbedboundarylaye. noise. For
this reason, the protuberance-freedataare presentedonly asan indication of the

I extraneousnoiselevels in the protuberanceflow fields in subsequentfigures.

Theerrorsin the powerspectraresultinGfromextraneousnoisemaybe analyzed in

I a mannersimilarto that usedin the overall fluctuating pressurelevel analysis.Again, it is necessaryto rely on an empirical formulafor adjustingthe measured
test panel resultsfor the contributionof attachedturbulentboundarylayer noise.

I For theboundarylayer, Lawson(Reference26) derived the followingempiricalformulafor the powerspectraldensity.

! ,
= 2 %o _

[_(f) l B [ L_Cp(RMS)1B (5. _)

+| 2,f0I V/
0

IL
where

fo=4

It will be noted that tile powerspectraldensitiesfor turbulentboundarylayersare

o tunction cf free-streamdynamicpressure(qa0), free-streamvelocity (Uco), and
I boundarylayer thickness(6). Thereis muchurlcertainty regardingthe appropriate :_

boundarylayer parameterto be usedIn the normalizationof the powerspectral

I density. Low=onusedthe thlckn_; (6); whereas,othershaveuseddisplc-.ementthickness(6')_ momentumthickness(e)_ andwall shearstress('r). For the present
report_6* hasb_enselectedsothat the resultswouldbe consistentwith the two- .

dlmensionajprotuberanceresultsof Chyuand Hanly (Reference27). However, Itshouldbe notedthat prot_Jberancediameterdefinitely controlsthe scale of the
• perturbedflow field In the three-d!menslonalcase, andany generalizationof the

I data ;hould Include this_rameter.
Forthe analysispresentedheroin, coml_rhon b_tween two- andthree-dimensional

I F_ubemnce flowsare discussed,and 6* appearedto be an c.clequetenormalizing_rametew. Forthe undisturbedflow case, It Is felt that Equation5.7 Is appropriate
for estimationof the boundarylayer noisespectraeventhough6" Is usedm the

l noh,.'_"lIzlng peramei_r,

Uslnii_'r,_umen,_,• similarto ti_t for the overall fluctuating pressurearmlys;srthe

memurectpowersplc,tral _emlty for the protuberance-freetest I_nel may be expressed :all

| 26
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f'_f) lo = e f_tO1T +e f,p(f)11+ fc'(f)]B
I1

| = e f _f) JE + [_p(f)1B (5.8)

J where, as before, the subscriptsT, I, Band E representthe tunnel, instrumentation,
boundarylayer and total extraneou'_noisecontributionsto fl,e measuredsignal(sub-
script0). The errorsin the measuredpowerspectraare given, for the total extraneous

-_ noiseand the portiondue to tunnel backgroundnoise, by:

• [¢(101E= [_(f)]0 " f_(f)"B _;

_ • f_(f)]T = [_(i)]° " ['_t')lB_ • [_f)]] (5.9)

where It(f) ]B is definedby Equation5.7 and • [_(f)]] Is given in Figure 141o. Power
spectra, representingthe protuberance-freemeasureddata, total extraneousnoise, .m
instrument_tlonnoise, tunnel noiseand boundarylayer noise, are presentedin i
Flgur¢_,16a through16f for free-streamMach numbersof 0.60 throughI .60, respec- _

I tively. It is notedIn the _,ectra that the differencebetween the extraneousnoise
and the protuberance-freemeasurementscannotbe distinguishedsince the contribution .
of the boundarylayer noiseis neg_lgiblysmall. Further, the extraneousnoiseIs

I attributed primarily to the tunnel backgroundnoise noted in the cverall level
as was

results.

A" this po;nt It shouldbe notedthat the tunnel backgroundnoisewasaffected also by _
the frequencyresp_._acharacteristicsof microphonesystem(seenext section). How-
ever, it Is convenientto leave the tunnel noiseerror (and total extraneousnoiseerror)

I a Is uncorrectedfor frequencyresponseerrorsas dlscusseciin the nextin formwhich
_ectlon.

j .3 Frequency_esponseErrors
5

i ][_._,_:lon to the extraneousnoiseerrorsdlscuued In the precedingsection, anotherimportantso,..r_eof errorshouldbe evaluated- the frequencyrespome. The frequency
responseof the data acquldtlon systemli a functionof I) the electronicsof the system,

i and2) the attenuation characteristicsof the microphonedue to the finite dze of the !microphonesendtlve area. In the evaluationof the frequencyrelpome errorseIt Is
convenientto di,_cus_,first, the effect of frequencyre,ponceon the power_pectm, r

i andfrom thl_evat,'mtlon_a_e_ the effect of the responseerroron the overallfluctuating pmuur_ level. It wll I be notedthat the frequency;.,ponce error_cannot
be expre_ledasan aL_tolutevalue as-walthe case for the extmneaut n6ise_' '_, n_ther,

i mu_tbe _preued at _ functionof the memuredpower_pe©tr_ldendty. Thus, eachoo,',_"Jpectrumpr_ented herein will have an a_o_iare frequencyre,paine correction _i
_pectrum. ._

| -
2

5
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I SystemElu_ron;_-s

J The frequency responsecharacteristics of the electronics of the microphone/dataacquisition systemare illustrated by resultsobtained from NASA-MSFC in Figure 17.
The recording system frequency responsewas flat for the frequency r=nge from 20 Hz

to 20 kHz. Thus, no errorsure attributed to the recording system. The frequency
responseof the microphone electronics _,as obtain.=d Fromdiscrete frequency calibra-
tion signals inserted into the charge amplifier self-test inputs, recorded on tape, ond

_ subsequently played back Jaranalysis. Typical calibration results are expressedas
II

the ratio of the output-to-input power. The frequency responseis shown to be flat
within • 1 dB for the frequency range from 20 Hz to 10 kHz. The frequency range

I of the present spectra analyses corresponded to the 1/3 octave b_ndswith
power

J center frequencies ranging from 25 Hz to 16,000 Hz, and She responseattenuation
was lessthan 3 dB for this frequency range. Before proceeding to the development of

J the error due tc frequency responsecha_'acteristics of the microphone electronics, it is
convenient to assessthe frequency responseerror attributed to the finite size of the
microphone.

!
M!,crophoneS! QEffect

I measur.sment a pressure by a microphone having a
The of random field finite size

sensitive area Is subjectto error because the microphone sensesthe spatial average
over Its fa+:e rather than a point value. To assessthis error, It is necessaryto have

a priori knowledge of the true pre(.surefield. Since the true pressurefield is unknownS
and In fact Is precisely the aarameter under study, determination of the microphone
size effect becomes very difficult to assess. Several investigators have evaluated this

problem t_rough various mathematical models of the pressurefield for attached boundary
layers (References 28 - 33). However, their resuli'sare not directly applicable to the

separated and wake flow fields as encountered In protuberance flow fields. In par-tlcuJar_ the correction factor for the finite microphone _ize Is a function of the cross-
spectrum character|stl_r, of the pressurefield. For the boundary layer case, sufficient

i data is available to provide an empirical Formulafor the ,;ross-spectrum, and thus apriori knowledge sufficient to enable empirical dze correction factors to be derived.
The problem Is considerably more complex for the three-dimensional protuberance

flow field, First, previous data i, not available with which to compare the presentresults, Second, if data were available, the nonhomogeneousc,mracter of the flow
field weuid preclude the derivation of a general correction factor. Thus, only a
_n:de approximation of the correction factor appears feasible without on extensive,

I and time c._r,,uming stud), of the problem.

For th, pre,unt analysis, It will be assumedthat the turbulence structure for the p,,_-tuberonce flow field bears some resemblorme to tho_ of the boundary layer, In par-
tlcular_ It Is assumedthat the _rou.-spectro for the protuberance flow field has the

some farm as that for the boundary layer, and thusmay be defined by the followingempirical formula_

| 2s
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I I( "Xp I C2 J UC I (5 ! ] O}

i
where 41 and 42 are the separation between points in the longitudinal and lateral

I directions, respectively, and C 1 and C2 are _u.l_tcii_t_""_':_" ........ ' _".... f,_._t,L,_correlation decays in the longitudinal and lateral directions. For the boundary layer,
C1 = 0 1 and C 2 _ 0.7. For the protuberance flow field the d_cay appears to be

in tl Iongitudinul direction due to the nature of the flow field
more rapid dispersive

both upstream nd downstreamof the protuberance. In the neck region of the wake,

the cross-spectra corre._ond closely to the exponentially decaying cosine with i_
Jl CI :> 0.2. {n the separated region upstream of the pr _uberance, the. decay is

noticeably _norerapid with the constant CI ranging from ioproximately 0.4 to 0.8.

It was noted in Reference 28 that an Increase in the longitudinal decay rate wouldIncrease the sensitivity r,f the microphone, and consequently decrease the response
error. Thus, a cc.nservative estimate of the microphone size responseerror would

corresr_ondto the lower CI value of 0.2 associated with the wake data. Lateralcross-,spectrawere not computed for the pros.n: data, however, it is reasonable to
expect the lateral decay rate to be equ;valent to the boundary layer (0.7) or ler,s

- because of the three-dimensional character of the flow field. TransverseveloGity :,componentswill have a tendency to decrease the lateral decay rote. Thus, a vutue
of C2 = 0.4 Is arbitrarily chosen. For the range of CI a,_dC2 which appear_ pm_ti_ol _

for the protuberance flow field, there does not appear to be a very significant cha_t_In the microphon_ _orr_.:t!on facte,r (see Reference 28). Thus, the selection _ :_
C1 = 0.2 and C2 = (_.4 appears to be adequate for a prediction ctfthe mlcrcqjh_ _ar-

l rection [actor. The function, M(f), which represents the r_tlo of the _:_._
respome

power sp_)ctral density to the true pow,r spectral density In regarclto mlcr_l_ ,,__,*-
effects, _s presented versus normalized frequency In Figure 18. Thes_ _,i_ _,eee

obtained from Reference 28. Sln_:ethe convection velocity Is a function of frequent,.
the proper numerical vaiues of Uc_maybe used In estimating M(P_ for a iI_rti_:ute_ Ire_

quency. Theradius of the microphone effective diameter, r, Is 0.078 in. _'_

For a further approximation of the microphone size error, cot,sider the nKk rei_em of
the protuberance wake as In the preceding discussion. Here, the convection vel_lly :

(_.t high frequencies where microphone size becomes Important) ts oppr_ln_tely eq_ei
to the free-stream velocity, Thus, mak!ng thls substitution for Uc, the vodotlon o_ _,

M(f) with frequency may be approxlmted for each Math number. Theseresult_ are _discussed In combination with the frequency responsecharacteristics of the iyitem
electronics In the next section.

[[ *5
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Comb.;n_._JResponseError

At thispoint, the frequencyresponsefunctions,E(f) for the systemelectronicsandM(f) for the f_nite microphonesize effect, may be combinedto give a total frequency
responsefunction, R(f), Noting that:

[Output Power]eE(f) : "--------'-------- (5.11)

i [ Input Power]e

t [Output Power]m

M(f) = [|nput Power]m (5,1_)

I and

I [ InputPower1e = [Output Power]m (5.13)

I It follows that:
[Output Power]e

R(f) = E(f)M(f) = _[Input Power]m (5.14)
where [Output Powerle is the power a.oclated with the measureddgnal and

[l_,put Power! is the powerassociatedwffh the fluctuating pre.ure fleld underm

I examination. The total frequencyresponsefunction, R(f), is prelented In _gure 19and it Ii thesedata that shouldbe usedin the evaluationof the total frequency

r,'_ponlecrrorl,

I To utli;:e the frequencyresponsefunction to evaluate the errorwhich it contribute:
to the measu,@dslg_l, It I_ necessaryto re'examine In somed,,tall the charac_erlltlcs

I of the extraneoul,_.niscprelented In the precedingsection. The Inltrumer,_atlonsystemnolle recited primarily fromthe data recordingeJe©tronics,Thus, the Instrumentation
nolle wasnotaffected by the freRuencyre:_onsechoraaterlltle_ of the-mlcrophon-e....

i ii i . _ "_. I .. i .... ---,.- i r .... i ,

I I_tem, It followsthat the Inltrumentatlonnoiseerror mull oe removedfrom themeoL_ured-_faprior to-apl_ly.lngthe-_r;quen©yrel_nle o-orre_flon;On the ot_'r hand,
't__i_:,ne[ _,olle'-_r'rorwell offeGtedby'thi--frequency_;ell_le of the m!er_hone system,

I o,,-_,_hui, It may be removedeither before or after the fr.quency titania _orre©t!on.If the tunnelnolle error Ii removedafter the frKluermy retponle ¢orre©tlon,then the
:_ tunnel nolle ¢orreatlonmull alto be adJultedfar the frequen©yrelponw error, It is
_ II obvl_lly moreaonverd®ntto adjust the meolureddata for the tunnelnolle-er_r prJ_.-
_ III to applyingthe fr.queMy response©orrtctlon_and for this r_l_n, the tun_r_nol:e

80
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(and total extr_,leousnoise)were presentedin the preceaingsectionwithout the
frequencyresponseco._rection.

Sincethe frequencyresponsefunction is presentedas the ratio of output-to-l_put
power, the resultsmaybe applied directly to the powerspectraadjustedfor extra-
neousnoiseerrors. That is, the powerspectral density, correctedfor both frequency
responseand extraneous'_oiseerrors, is given by:

" _(f)- e [_(r)}E
¢ (f) = (5.15)

R(O

where • [_(t)} E ls given In Flgure 16 and R(f) is given In Figure |9. Again It should
be noted that R(f)as presentedin Figure19 Is only an approximatic,n dueto t;_e

J

assumptionsmaderegardingthe cross-spectraof the fluctuatingpressurefield in the
mlcropho,_esize analysis.

i Equation5,15 may be ,.,,edt¢ derive an expressionfor the total ,_r.-' In the meosure_ i
powerspectradue_,"the combinedeffect of the extraneousnols_,:,ndthe frequency

| response. Noting _L..,
/|s_q i

• [_(t)]E+_: _f)" e(f) (5.16) _
; (,

|' it followsfromEquation5.15 that I

l_(f) - • [_(f)lE
• [9(f)lE+ R = ¢(f) - - R(f) (5.17)

Theerrorattributed only to the frequencyr'esponseIs _iven by

| • ° ",(,)
g ,To o.e. _heel,.,., .f the responseafro. on the overall sounclpre.urelevel_ it is |

neclssoryt_ knowthe powerspa©tinof the measuredfluctuating pre.uve envlNmment.
'_ Gen_,mJiy,the effect of the present resl_nse errorson th,t overall level will be
! r,egllglbiy small dnce the arm. _cu_, prlmrlly at high f,_quen©lelwhere the powe_ !:

spectraldensity11small, How,ever,noting that the overall fiu_tumlng pre_ure level ::

Is related to the powersp_tml dimity by the folict_vln_equatic_, the errorm_ybecomputedfor any given call,

t? :2
?
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r; iAP(RMS)= df (s.19)
LO J

presentanalysls,Forthe a broadbandqlter with a bandpassfrom2 Hz to 20 kHz was
usedin the reductionof the micropho,, measurementsto overall RMSlevel.

Thus, the error in the measuredRMSfluctuating pressure,expressedin coefficient
form, for the frequencyrange from2 Hz to 20 kHz is given by

[ACp(rMS)lt _ 9(f) - • E

(, ® 2.z -- df (S.20) 'i

whorethe subscript,R, denotesthat the error is dueto the systemfrequencyresponse.

It will be notedthat the errorresultingfromthe systemroaponsecharacteristicswill l

i alwaysbe negative, suchthat the measured_Cp(RMS) is Io. thanthe truevalue. |
5.3.3 Data Rodu=tlonErrorsand Uncertainties

l The primaryerrorsand uncertaintiesin the final data result fromInaccuracies |
a.oclatod with the data reductionproco.. Err=rsand uncertaintiesa.oclatod !

with the initial setupprior to acquiring the rawdata are virtually eliminated since
|

the calibration+ as re_ordedon tape+are usedtn the _ta fedu©tlonpr_:e., Error;
and uncertaintiesa._:latod with tht callbratlom thensolvesare ¢omidorodnegligibly

small ascomparedto thoseof the data reductionprate.. Thus+only the Inaccuraciesatt_iatgd with the data reductionpr_e. am c_lde_d in theostin_flon of error;
and uncertaintiesIn the final data at presentedheroin.

Data reductionerrorsanduncertaintiesmaybe cla.lfled as 1) s_tlstl©al, and
2) technique, The ttatlUIcal In_:©ur_:losret_ltf primarily, fromuncertainties

I a._:iatod with the Om_l_tutlonof _tlmat_l wluss of _hevarlcxisttat|stleal ?amine=tar;. in mndc_ dataonalyli_, useIs modeof finite I_ndwldtht andflnltQ wmple
lengths, Thus+the final C_l_tatl_ arQnot tr_e value1+but _tlm¢_tlem_f the trJe _

I valuo_(tee Refertm:e34), AsI_mdwldtkand/'_r,_,_le lengthIs Inoreom_l+theuncer_lntiet "m_:leted ..,itS,the data m_k_¢tlenprovenm_ ok_Nmed, H_wever, t_
obtain a certain deOr_l of fftqueMy _lutlon, finite be_ldth_ cite_oy_t.

I This, to,ether with _ Imx:tleul n¢_euity to t!mh r_e tlm_ ;,f the m_ile, _ltt in._ a certain ' gr_e_ _t_tltth,._.!_'_er_Inty in _ flint sk_tlstl_t p_;_r_t;._. T_h=
', nlque r _, anduncertaintiesresulth'omthe Imm_ure_!.__ilmistl_l with the eqU!l_
• _ mentem_tayedIn the dat_ red_tl(m I_r_m _ndt_ _l_lll_ _ tbt i_ll'_'..,_pllrfm'mlno
._!_ the ck_tar_botl(m, Per_xomple, the _sumoy of lettln_ up the d_t__.,;tlom'_-'
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instrumentation, tKe accuracy of the various instruments employed, and the ability of
the individual in ._eadingt.r_ereduced data, say, from a graphic level recorder, will
have u direct effect on the error and uncertainty of the final data• Technique

ijp•
inaccum:ies are vc,.y @,flcult to assess,since sever_,l individuals, instruments, and
sequencesmay be in,:olved in the interim between the raw data as recorded on tape
and the fina_ da_e.parameter as presentedin the report, it should be noted that
technique errorsand uncertainties are not limited to microphone measurements;but,
rather, or_ present in all experimental data. However, for the present precision of
measurementanalysis, only the microphone data will be considered in the ossessme,_t

. of technlqu¢ _rrorsand uncertainties.

ThGpurposeof th:s section is to define the inaccuracies as_ociated with the computa-
tion of each statistical parameter, in particular, the inaccuracies will be estimated
for the RMS fluctuating pressurelevels, the power spectral densities, and the cross
power spectlal d_nsitles, i

• !

The analysis of the Inaccuracies for these parametersore discussedseparately in the

following paragraphs, ioverallFJuct a  pre uroLevel
The most convenient term to u_e in the specification of the statlsttcol un_:ertoimles In
the overall fluctuc0ting preuure level is the normalized s_ndard error (s), The nor-
r_lized standard error is _he ratio of the standard deviation of the estimate to the true

value, Phyllcally, the normalized standard error may be interpreted as a fluctuation
_ or _catter superimposedon the true estimate. In termsof confidence level, the '
.i p_bllity _hat the computed (or estimated) value ,c _P(RMS) will be within _ e at"
_* the true value is 68 pe_e_t, or one has68 percent confida_e that the uncertainty

will be within the limits tmpo_edby * e, The normalized stc,ncklrd error for the

, overall RMS fluctuating pressure level 1_given by (see Reference 34), i

s, d, [ 6,P(RMS)] I
fill i

where the I_FIx s impJle_ th_ uncertainty normali_ed sta_k_rd error c' the term
with the brc_k,_,h_,s,d, implies standard ¢k_vlotlon/B is the _l__ncbvldthof the ar_|y_iz,
_ T is the semitic length of data used, For the present analysis of &P(RMS), using
beth analog and digital t_:hrdque_, the BT I:_du¢t w¢_ sufflchmtly large t_t s v_Is
negligibly smell, For theeneleg e:_ly_ls_
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B ==20,000 _z

T = 15 _ec

BT = 300,000

!
e [Z_P(RMS)Is =_ - 0.0009 _5.;_.:)

" 2- BKT
I

For the digital computation,the normalizcJ standarderrormaybe expresseddirectly
asa functionof the numberof independentsamples,N. Forthe presentdigital

•_ computation,
-IP

N = 65,536 !

, [ P(RMS)I.--li/'J N: 0.0026 (S.23)
t-"

Thusef_ bothanalog anddigital comp.jtatlons, the norm_.!|zed stat_lct_de,,ut in the :overall RMSfluctuating pm_ums is lessthan I perce;lrandmaybe dismgmcled_s a
significantun_e_inty.

I To assessthe hschniqueinoccurccle,*in the overall RMSfluctu_.tingpres_Jrel=vel, it
suffice_to usea comlxJmtlvetechniauewherebytheanal,_gcr'_putatl,.._._aro corn-

I paredwih_ the digital ©Qmputatlom. Theboris fo__hlsonalysisis that techniqueerrors_nduncertainti_sore prima_y a_c.iated with the analog imt_,mentati_ and
the personnelperformingthe data reduction;whereas,the digital computationsore

I relatively free of techniqueerrorsandur_ertalnties, Noting that boi'. analogonddlgit_J _omputatlonsam free of slge_ificantstatistical uncertaintlm, it sufficesto
evaluate the hlchniqueir_¢ur_l_ froma _:omparlsonof the analoganddigital

I c¢_putati_r_, Data, r_p_esemt._g286 co_culati_ for the Much ,,.._¢ _nge from0,60 to I .'_0, ore prtsc-_tedtn Figure20. _t is ev ,t_1__romthe resultsprese_d i_
Figur_ 20 that thear_l_ m_lts om, t_ genera|, g_-,r th_ the digitally c_put_

I results, Tl_ref_r_ it o¢i_1, t_ tI_eor_tot_m_ult__'_vebeenbla_KI to the high
-, side, _|th_gh this err_ Is very dight - on the order_,_:_ _-_t_¢nto_0.4 dB. Th'_s

er_r is well wlthi_ the _©um_y of _- _la_II im_,_mtrti_ employs| in the _ta

I r_luctl_ I_r_, Themiter _I_ut the mean, wht_his _r_eniatlve of tt_ t_ _-'nlqueu_'_ertalntyIn the _:,_. I__ by _.G._,_mt with 95 l_me,nt confi_t ce.
Tt_t ls, 95 I_mCmt_ th_ dm_ f_l|s wlth|_ • 8 _¢mt _f the mean, 'thu_, as_m_=_l

I _ _,v_._ d!:td_uti_ c_ the _tter about the m_. the ,_mmilza_i st_ck_ e,mr -_l©h Is bawd on a 68 I_¢mt ¢_L_Ids_.e lev_| - is _ half of the 95 I_reent con-
f1¢1_¢_l_w_l, _ s "0,0_., In s_v,_y, the t_cl_lql_ _ is !.lib,inby:

I • 161 lue I - 0.0416e(e,l)l

|

] 969030742-058



!
I and the technique uncertainty is given by

I • e [ &P(RMS)) t = _ 0.04 1_P(_AS) ', (5.25)

i In coefficient form (neglecting the uncertainty in %0), Equations 5.24 and 5.25become

I e l & Cp(RMS)I t ---0.04 j L_Cp(._MS) i '_ ';'_
_ • _-_1

I _: e [ L_Cp(RMS) It -- _:0.04 [ ACp(RMS) _ (5.27)

Power Spectral Density

I Uncertainties in the power spectra are dominated by the statistical uncertainties since
these data were red0ced to descriptive terms by digital computation. It is felt that
technique errorsand uncertainties are very small for the power spectra since callbra-

I. tions recorded on tape were used for the specification of the sensitivity for eaci,
microphone without any interrnedicte conversion or interpretation of the data by

personnel. Certainly, the technique errorsare negligibly small compared to the
statistical uncertainties. The normalized standard error for conventional digital

computation of the power spectral density is given by

e f (f)I s= (5.28)
|

where m is the maximum numbel'of correlation lag values of the computation and N is

the size of the digital sample. I_tring the pre_ent computations, a rather complicateddigital filtering technique was employe_ whereby a seriesof power spectral density
points were calculated wi_h each having 16 degrees at freedom. The method of cal-

l culating the power spectral density peints involved dividing the frequency range intoa seriesof frequency intervals such that the power spectral density for each interval
was computedwith 16 degrees of freedom. This technique is discussedfurther in

i Section 4.4.2. The power spectral density for each I/3 octave frequency was thencomputed by averaging the power spectral density For the numberof discrete points (k)
within the 1/3 octave band. The resulting numberof degreesof freedom for ecch

I' I/3 octave band thus becomes16 k. To increase the statistical accuracy at the lowerfrequencies, the I/3 octave data were further averaged to give octave band results
for the octave band center frequencies of 31.5 Hz, 63 Hz and |25 Hz. The resulting

I variation of the statistical number of degreesof freedom, n, with frequency is pre=sented in Figure 21. The normalized standard error for the power spectral density may
be determined directly from the number of degrees of free_om as follows:

!
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The resultingvariation of efurl, Is with frequency is presen:edalso in Figure2i.

5.3.4 Summaryof Errorsand Uncertainties :

The following is a summaryof the errors and uncertainties associated with the te_t
resultspresentedherein. The errorsand uncertaintiesare presentedin equaffonform
with the required terms referenced vc figures presented in the report ,,,,here necessary.

Overall Level

Error

e [ACplRMS)I = {e[ACP (RMS)]2E+e IACp(RMS)[2R+ e [ACp(RMS)I2}½t

= {e [ACp,',RMS)j2 + 2E+R e [ACp(RMS)I t}½

where

20 kHz df "

2 2 " I / ,(f)-e{_OIEe [ ACp(RMS)IE+R = [ACp(RMS)] - q-_ R(f)
2 Hz

e [ ACp(RMS)J2 = 0.0016 [ Z_Cp(RMS)] 2 _t i

e [_f)] E is given in Figure 16, and

R(f) is given in Figure19.

Uncerto_n_/ i

• e-[ACp(RMS)I = :Ee [ACp(RMS)It i
= 4-0.04 [ACp(RMS)I

36 <
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i Pow, r Spectral Density

I E,'ro__.___r

e [_f)] = e [_(f)]E +c [¢(f)]RI
= e [e(f)l, .

I i_f) _ e [_(t.)IE /

I = _f) R(f)

I Uncertalnt_,

I
where e [_f)! s is give'-:.;n Figure 21.

I
I
I

I

I
I
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6.0 DISCUSSION OF TEST RESULTS

" 6.1 Introduction

Because of the large number of data measurementsobtained during the test, it is
necessaryto be selective in the presentation and dls_:usslo._of the test results. Noting
that the primary objective o, the present report is to define the basic features of the
flow field il_duced by three-dlmcnsional _,,,,_..horM,_r,_ thp measurementsobtained
along the longitudinal centerllne of the model Were selected as being primary data.
These data represent the plane of symmetryof the flow around the protuberances and,
rnus, show the basic features of the Icw in both the upstreamseparated region and
the downstreamwake region. The flow around the protuberances, which is charac-
terized by the transition from separated to wake flow is dlscus_edonly briefly. A
¢ompreh_nslve presentation of the data for the flow around ihe protuberanceswill be
made in a later report.

The test results are discussedunder the following section titles:

• Clean Model Flow Characteristics

• Protuberance Induced Flow Characteristics

. -Protube:ance Induced Static PressureField

_" -Protuberance Induced Fluctuating PressureField

" • At_alysisof the Protuberance Induced Flow Field :_

, Tt_eclean model flow characteHstlcs were determined from the test panel measurements
for-the protuberance in the fully retracted position. Results for the clean model ind,-
cate the quality of the flowover the test panel and the suitability of the model for the

; investigation of protuberance flow fields. The static pressurefield induced b)_ the ;
protuberances is exhibited by surface pressuremeasurementstaken over the test panel -
and the wall of the protuberance. Similarly, the fluctuating pressure field induced by
the protuberance is exhibi tedby surface microphone measurements. F3nally, the static
and fluctuating pressuremeasurementsare comblned with the oil-flow visualization
results to determine the salient features of the protuberance induced flow field. _

6.2 Clean Model F!ow CharacteHstlcs

6.2.1 Surface PressureDistributions

l Static pressuredata as obtained from the distribution of orifices along the iongitud_l

and transversecenterlines of the test par,el are presentedin terms of the pressurecoefficient, Cp, in Figure 22. The variations of Cp over the surface of the test panel
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are signif::_ntly greater than the t_ncertalnty associated with the measuring instru_
mentationand, also, these data show some consistent trencl_. Thus, it is concluded

_ that the variations are indicative of the aerodynamic characteristics at the model,

or the model/tunnel combination. 1"helongitudinal variations in Cp, Figure 22a,

i" exhibit the irregularities of the clean model flow field, and when compared with the
transverse variations, Fiuure 22b, it is evident that the f!ow is less uniform in lhe
longitudinal direction tl_anln the transverse direction, lt-lslnterestlngto ne4ethe

agreement between The longitudinal and transverse pressure alstnaur4c _sas ind_cul_d
' by the solid symbols on each figure. The agreement is within the accuracyof the

I tinstrumentation employed. This f_r.her substantiates the conclusion that static pre_-

i sure vuric_rionsresult irom aerodynamic effects associated with either the model or ._he
model,/tunnel combination. Since the variations a.-pear to be greater at Mco > | .0
than at subsonicMath numbers, it is felt that extrsneous Math waves in the tunnel

i contribute significontiy to the static pressure variations. Also, the boat tall of the
model splltter-plate appears to have affected the Iongitud;nal centerline pr0ssuresat

Moo = !.20. In general, the stat;cpressure variations about the free-sheam press.,re

!_ ar_ within i0.1 of the free-stream dynamic pressure. Normally, variatior.s should be
contained within the uncertainty limits of the instrumentation. Thus, it is felt that
the quality of the flow over the test article was not as good as desired; however, the

flow is acceptable for the study of protuberance flow fields since the clean model
variations in pressureare relatively small compared with the pressurevariations
induced by the protuberances.[
At this point it should be noted that the static pressure results for the protuberance

induced environments were adjusted for the clean model results by subtracting thestatic pressuresfor the protuberance-free case from the _.iahc pressure for the
perturbed case. This adjustment contributes to the uncertainty of the final results;

i however, a sign;tic_nt improvement in the static pres:ure distributions was obtainedfor the perturbad flow. Thus, it is felt that this adjustment was justified.

6.2.2 Boundary Layer Characteristics
Further information of the characteristics of the flow over the clean model may be

gained from an examination of the boundary layer characteristics. Boundary-layervelocity profiles were determined from pitot pressure measurements obtained with the
forward and aft rakes with the protuberance in the fully retracted posltion. The

I" velocity profiles, at the locations of the forward and aft rake, are preser,_'.., inFigure 23. Since the rakes were positioned near the leading and trailing edges of the
test panel at approximately equldlstance from the location of the protuberance, the

i boundary layer characteristics at the protl.'berance location may be taken as the meanof the data for the forward and aft rakes.

It is evideni from the test results that an extremely thick boundary layer existed overthe region of the test panel for Moo = 0.60 and 0.80._ A similar envlronme_ntwas

observed in the smc'll scale tests reported in Reference 18. This environment is

39
g

1969030742-064



I
i

attributed to a partially blocked secondaly flay,, under the splltter plate which induces
IocSi separation at the leading edge of the model. The separation and subsequent

I o the at the leading edge results in a thickened boundary layer
reattachment flow

over the test panel. Also, if will be noted that the. velocity ratios do not approach
1.0 at the edge of the boundary layer at every Mach number. Thi3 anomaly resulted

I from the deviation of the local velocity from flea-.stream conditions as indicated by
the variations in static _.ressurepresented in the f,re_.eding section.

I The variations of the boundary layer dlsplace.ment thickness, E,,*,with free-stream
Mach number are presented in Figure 24. The displacement thicknesses _'orthe rake

data were determined from nurn_rlcal integratio._s of the velocity profiles. For free-stream Mach numbers of 0.90 and above, the displacement thickness varied irregularly
with Mach number about an approximately constant , alue. For Moo = 0.60 and 0.80,

I the thick boundary layer resulting from leading edge separation is clearly evident inthe large values of 8*. The displacement thicknessesshown for Moo = 0.60 _nd 0.80

were obtained by numerical integrations to the point where Un is approximately 0.95

I Uoo, thus, anticipated 8* may slightly greater thaq the values shown.
it is that be

The experimental resultsare compared with an empirical prediction using Bias' formula

i (see Reference 22). The empirical prediction represents the estimated dls_,l_cementthickness at the location of the protuberance which would correspondto tb- mean
between the forward and aft rake results° The empirical results agree closely with the

result s presented for the forward rake, indlcatlng that the boundary layer at the pro-tuberance location was somewhat thicker than predicted, Surface excrescences in the
boundary layer upstream of the test panel apparently caused a slight artificial thickening

i of the boundary layer.

The variations of boundary layer momentumthickness, 8, with _ree-stream Mach

I number are shown in Figure 25. For the Mach number range of the present test,momentum thickness is essentially invariant with Mach numberexcept for the anomaly

due to the separation induced thickening of the boundary layer at Moo = 0.60 and

I 0.80. Again, is shown between the experimental measurementsfor the
agreement

forward rake and the empirical results.

I The effects of free-_tream unit Reynoldsnumber on the boundary layer chamcterlstics
in the vicinity of the test panel (Figures 24 and 25) were negligibly small. This is as
anticipated since, for a turbulent boundary layer on a flat plate, the boundary layer

I thickness is to the number to the one-flfthinversely proportional Reynolds power.

A summaryof important boundary layer and free-stream flow conditions which are

I characterlstlc of the undisturbed flow the model in the of the
over vicinity protu-

berance for a unit Reynoldsnumber of 3 x 106 are presented in the following
table.
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UNDISTURBED FLOW PARAMETERSOVER THE TEST PANEL

Re/ft -- 3 x 106/ft

Uco qco 5 8* e

Me° f t/se_; psf in, i n. i n.
, ....... ,,,,

0.60 676 388 _ 8 -_ 0.80 _ 0.50
0.80 880 479 _ 8 ,_ 0,80 _ 0.50
1.00 1067 559 2.5 0.36 0.21
1.20 1264 611 2.5 0.37 0.19

1.40 1391 644 2.5 0.36 J 0.19
1.60 1528 662 2.5 0.31 0.20

6,3 Protuberance Induced Flow Characteristic-

Before discussing the _tatlc and fluctuating pressure measurements_ some general
comments in regara to the protuberance flow field should be made. A photograpk
of a typical oil flow pattern around the protuberance is presented in Figure 2_. Any
protuberance which extends into or through an attached boundary layer will (1) tend
to induce separated flow upstream of the protuberance and (2) generate a wake down-
stream of the protuberance. For a three-dimensional protuberance the upstream
separated flow will have a curved separation line or front as clearly shown in Figure 26.
The wake will be characterized by a short converging region wt_ich is terminated by e
narrow neck followed by a diverging, region. The converging region will be denoted
as the near wake and the diverging re,;ion as the far wake with the neck regioni

separating the two. The neck and far wake are clearly shown in Figure 26; however,
; the near wake is partially obscured by the protuberance du,_ to the slight downstream

angle of the camera view. There are several other intere._,ting features of the flowB

• field shown in Figure 26; however, these will be discussed in detail in later sc_tions.
At this point, it suffices t-_ recognize only the presence of the upstreamseparated flow
and the downstreamwake regions, and that the ,egion of perturbed flow may extend
for several diameters around the protuberance.

L

The length of the upstreamsepara_,'edflow region at the longitudinal centerline was
evaluated from oil-flow studies of the A,-inch diameter protuberance for the Macn

number range from 0.60 to 1.40 and h/D range from 0 to 2.0. i'neseparczhonpoint
is Identified in Figure 26. The resulting variations of normalized separation length, _

i D, with h/D for the various Mach numbersof the test are presented in F_gure 27.Is/

The curve presented for Moo = 1.60 was determined by extrapolation of the lower Mach

number data to Moo = 1.60. An increase in either protuberance height or Mach number _:resulted in an increase, in separation length. The trend in the data indicates that the i!
separation length will approach a,_ymptotic values for large protuberance heights.

F.
I
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I In the wake, it is obvious th_st the flow will be perturbed fcr many diameters down-
stream of the protuberance. The aft rake, which was present throughou' the test,

I revealed noHceabledistortlon in the velocity _rofiles due to the wake for the various
protuberances. For the 2-inch diameter protuberc.nce, the rake was ioc_ted at 18.28
diameters aft of the protuberance and the effect of the wake was ba_'el>'aetect,_ble.

j Thus, it is felt that the test surface measurements for the three protuberancepanel
configurations adequately cover t'..e region of perturbed flcw as discussed it, following
sectlons. Gen_olly, the neck region which s_parates the near- and for-,. Jke regions

I appeared to occur approximately one protuberance (r/ .5)
at d_ameter aft of the D 1

for Moo > 1.20. For lower Mach numbers, the wake was ill defined by the all fio'.._

pictures; however, the fluctuating pressure measurements indicate that the neck region
,_ moved aft with decreasing Mach number.

i 6.3.1 Protuberance Induced Static Pressure Field
The static pressure fiel3 iqduced by the protuberances is represented by the distribution

t of the pressurecoefficients along the test pane'scenterline, forward ana aft of the pro-
I_ tuberance, Figures 28-30. Test results ar_ oresented, separately, for the 2-, 4-, and

8-1n_ L ,.!ameter protuberances for various i,eights ranging up to two diameters. The

_i 2-inch d;.:meter protuberance results, Figure 28, show the extent of the perturbed flowfield uostream and downstream of the protuberance; however, little detail of the pres-
sure field is given for the region in close proximity to the protuberances. The 4-inch

n diameter protuberance results, Figure 29, give a cursory definition of the perturbedflow field for the region in close proximity to the protuberance as well as the outer
extremities of the protuber_,ce envlronmcnr. Finally, the 8-inch diameter protuber-

j ance results, Figure 30, show, in detail, the perturbed flow field for the region inclose proximity to the protuberance.

J An examination of the results presented in Figures 28-30 rew:als several disHnctcharacteristics of the pressure fie_d which are typical of cylindK.:al protuberances.
The _tat'c essure field associated with the upstream separated flow is characterized

j by poslt!ve pressurecoefficients; whereas, the static pressure field associated withthe wake is characterized by 1) negative pressurecoefficients in the near wake und
ne,:k _egions, _nd 2) approximately zero pressurecoefficients in the far wake. Clearly,

1 the regions most affected by the protuberance lle in close prc,ximity to the protuber-
ance. It is important to note that the region of perturbed flow upstream of the
protuberance is not bounded by the region of separated flow, but may extend beyond

j this point. A comparison of the separation points (Figure 27) with the static pressure
distributions will show this characteristic. At subsonicand slightly supersonicMath
numbers, the perturbed flow field extends significantly beyond the separation point;

i whereas, at 1.20, the shock strength is sufficiently large tu cause separationMoo _>
near the foot of the shock wave. For the latter Mach number range, the region of

upstreamperturbed flow (which is bounded by the shock wave) and the region ofseparated flow occur over approximately the same area with the separated flow region
being contained slightly within the perturbed flow region, Consistentwith this finding
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are the trends _n the pressure gradic _tsassociated with the upstream perturbed flow.
At subsonic Mach numbers, o gradu .I increase in static pressure in tk . flow (_,recHon
is observed. The effect of tke positive pressure gradient is to retard the b'_ ndary
layer flow near the wall - eventually causing separation. The critical pr_.ssureat

- separation is discussedbelow. Atsupersonlc Mach numbers, a rapid increa._e in static
pressure _sobserved across the shock wave; thus inducing separation immedietely aft
of the mean location of the shock wave. The variations of the static pressure ratio at
se.c_ratlc_nwith Mach number are presented in Figure 31. The results for the different
size protuberances were obtained based on the separation lengths as defined from oil
flow patterns for the 4-inch diameter protuberance. It should be noted that separation

length probably varies with protuberance diameter rather than separation pressure suchthat all three configurations would have the same separation pressure ratio as given by
the 4-inch diameter protuberance data.

I Downstream of the separation point, a region of relatively constant, plateau, pressure

occurs. The plateau pressure region i_ particularly notlcable for Moo> 1.20. For

I two-dimensional separation, the plateau pressure extends to near the step face; how-ever, for the three-dimensional case, the plateau region is terminated significantly
uustream of the protuberance. For the latter case, the plateau region is termina,ed

I by a sudden reduction in static pressure which is followed by a sharp increase in
pressurenear the protuberance. The low pressureregion imbedded within the
separated flow field is unique to the three-dimensiona! protuberance case and pro-

I vide_ much insight into the understanding of the structure of the three-dimenslonal
separated flow field. The separated flow field is discussedat length in Section 6.4.

The wake region exhibits noticable variations in static for approximately
pressure

four diameters aft of the protuberance. It is interesting to note that distortion in the
velocity profiles were obser,,ed for approximate.y 18 diameters aft of the protuberances

I mentioned; however, the retarded flow in the wake has littlepreviously apparentlyas

effect on the surface static pre,_suresin the far wake region. Little insight into the
structure of the wake can be gained from the static pressuremeasurementsand it is

I photographs fluctuating pressuremeasurementsare more
felt that the oil-flow and
definitive of the wake structure.

A cursory examination of the effects of Reynolds number and protuberance size on the
perturbed flow field was made utilizing the static pressuremeasurements. The effects
of Reynoldsnumberwere evaluated using the 8-inch diameter protuberance results

I for unit Reynolds number conditions of 1.5, 3.0 and 4.5 million per foot. Corre-
sponding Reynoldsnumbers, based on protuberance diameter, are | .0, 2.0, and 3.0

i nilllon. Representative axial distributions of static pressurecoefficient are pre-sented for h/D = 2.0 and Mach numbersfrom 0.60 to 1.60 in Figure 32. The effect
of Reynoldsnumber variations appear to be small, although there are somenotlcable

- deviations in the data. In general, variations in Reynolds numberprimarily affectedthe static pressuredistributions in the wake region at subsonicMach numbers(c!though

a consistenttrend was not evident); whereas, at M_o_> 1.20, the effects appeared to
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be more predominant upstream of the protuberance. Increasing the Reynolds number
at supersonic Mach numbers appeared to cause a slight enlargement of the upstream
separated f_ow region. The effects of protuberance size variations were determined
by comparing axial dlstributlens of static pressure coefficient for the 2- and 4-inch
diameter protuberances with Reynolds number, based on protuberance diameter, he:d
constant at 0.5 million (Figure 33). Further, a s_milar comparison was made between

- the 4- end 8-inch diameter p_otuberances for a Reynolds number, based on protu _
- berance diameter, of i .0 million (Figuwe 3,¢). Th_se dr _cs,e_--"esentthe h//D- 2.0

condition for Mach numbersranging from 0.60 to 1.60. Sma;avariations in static
- pressu"e coefficient were observed in both the upstream and wake regions due to pro-

tuberance size variations with the mostsignificant effects occurring in the wake
region at subsonicMach numbersand in the upstream separated _low region at suoer-
sonic Mach numbers. Them_._tnoticeable effect of ;ncreas;ng the protuberance size

i was to cause a slight enlargement of the normalized upstream separated _iow regionat supersonic Mach numbers (particulurly for ReD = 0.5 x 106).

The pressure distributions over the wall of tF/e 8-inch diameter protuberance are

I by Cp vertical,,locat!on, yp/D vari,_us po._r angles
exhibited variations of with for

around the protuberance, Test results are' presented for a range of protuberance

I heights and Mach numbers in Figures 35-40. A high density of static ori'ices
pressure

were presen_along the vertical rays and thus provided good definition of the pressure
variations associated with the various flow fields to which the protuberance was

exposed. Flow fields impinging on the upstream half of the protuberance (8+ < 90
degrees) which appear to be evident in the static pressuremeasurementsore: 1) the
-eparated shea_ layer (base region) near the I_)aseof the protuberance, 2) the two-

I dimensional crc _sflow (central region) near the middle of the protuberance, and
3) the end effect (tip region) near the top of the protuberance. The vertical extent
of these regions naturally vary with h/D. For h/D > 1.5, all three regions are

clearly defined in the vertical distributions_ The is characterized
pressure tip region

by a combination of flow around the pwotuberance and over the top of the protuberance.
The resulting three-dimensional relief afforded to the flow causesa reduction in pres-

I sure comparison to pressures as encountered by an
in the for two-dimensional flow

infinite cylinder in c_ossflow. At supersonicMach numbers, fl:e bow shock generated
by the cylinder is curved in the vicinity of the tip region as discussed;n References 17

I and 18. The tip region extends downward from the top of the protuberance for approxi-
mately 0.4 diameters for h/D 2 1.5. The central region is characterized by nearly
parallel or ._vo-dirt,enslanal flow around the protuberance. In the central region, the

I wall pressureis approximately constant along vertical rays and the flow exhibits
characterltlst|cs similar to that of an infinite cylinder in crossflow. The central

i region is located between the tip region and the base region and its v_ _ical extentvaries noticeably with h/D. The base region is chalacterized by the ln;eraction of the
separated flow, which is induced upstream of the protb._erance, with the protuberance.

i The presence of reverse flow in the separated flow region is • ";dencedby the low pres-_,,re$measured just above the base of the protuberance. Fol Moo_>1.0, the growth of
tt_eseparated flow region is _.xhibite.::by the upward movement of the pressuredefect
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in the vertical pres_.uredistributions. For Moo <:1.0, the pressure defect associated

with the baseflaw is poorly defined due to the smoll extent of the separated flow
region. Further, the region of constant pressure normally associated with the central
region _snot exhibited in the results for Moo < I .0 due to the extremely thick inflowing

boundary layer .CorMoo = 0.60 and 0.80. The boundnry layer velocity profile shape in

the region of yp/D < I .0 results i.. a lossof total pressureand, thus, a decrease in the
surface pressuresmeasuredover the front half cf the cylinder.

Over the aft half of the cylinder (8+ ">90 degrees) small variations in pressureover

the wall of the cylinder were observed fo" Ma0> 0 60. This is explained by the
separat_enof the -ylinder boundary layer near the 8+ = 90-degree ray. This charac-

te-i_tic is clearly eviden" in the test results for Moo > 1.0. For a Mach number of

0.60, large variations in the protuberance wall pressureswere observed over the wall
of the cylinder at the (3+ = 90-degree ray. Apparently the flow exhibits irregular
separation al',,_g the 90-degree my due to the variation in the flow upstreamof the
protuberance in the vertical direction.

6.3.2 Protuberance !nduced Fluctuating PressureFi_!d

Overall Levels

Of particular inter_t during the present study wc_sthe fluctuating press::r_field
induced by the cylindrical protuberances. The overall fluctuating pressurelevels
associated with the oerturbed flow field are presented as variations of the RMS
coefflciel_t of fluctuating pressurealong the test panel longitudinal centerline in
Figures 41-/3. Test resultsare presente2, separately, for the 2-, 4-, c_nd8-inch
diameter protuberances for ranges c,Eprotuberanre height and Mach numberwhich are
consistent witi_ the presentation of static pressL:reresultsdiscussedin the preceding
section. Here again, the results for the 2-, 4-, and 8-1n':h diameter protuberances
represent varying degrees of definition of the perturbed flow field ranging from a
general overview as exhibited by ff _ 2-inch diame[er protuberance results to a
detailed, near field, st_udyas exhibited by the 8-1nch diameter protuberance results.

Certain characteristics c,f the fluctuating pressurefield are im:nediately obvious "tom
an examination of these results. The fluctuating pressurefie_d induced by the protu-
berances correspondsclosely with the region of perturbed flow as exhibited by the
static pressureresults. Two distinct regionsof perturbed flow are exhibited by the

fluctuating pressureresults - one correspondingto the upstreamseparated flow region
and the other corresponding to the downstreamwake region. It is evidei,t from the _
fluctuating pressuremeasurementsthat significant fluctuating pressuresoccurred in "
both the upstreamand downstreamenvironments. In general, the mostsevere fluctuQt- _
ing pressureswere encountered in the wake region for Moo < 1.0 and large h/D; _

whereas, for other test conditions, the separated flow upstreamof the protuberar :e
caused the mostsevere fluctuating pressures, it is convenient to discussthe separated :

and wake flow regions separately.
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- In *h." serrated fl'w region, the fluctuating pressure field is characteri.-'ed by a
gradual increase in overall !evel as the field is observed in the direction of the
free-str_cm. Near the mid-polnt in the separated flow region, the fluctuating
pressure reaches a maximum value which rat ,jed from _2 to 17 oercent of the free-

- stream dynamic pressure. The peak is fol_owed, in gene,ol, by a decrea_ ; in
fluctuating pressure level. This decrease _.opearsto become less drastic ,ithw

Increasing Mach number such that, at tv_ = t .6n, a peak plateau level of fluctuating• . OO

I pressu,'eoccurs near the protuberance. Far Moo = 1.40 and ! .60, a small peak ;n
fluctuating pressure occurs upstream of the separation point and corresponds to the
mean location of the shock wave. Levels ef fluctuating pressure for the shock wave

I are approximately the same as observed for two-dimensional protuberances (forward
facing steps); however, the levels withlr, the separated flc_v region are considerably
greater than for the two-dimensional case. immediately, it becomes obvious that

the unsteady mechanisms within the three-dimen._ional separated region are significantly
different than the two-dimenslonal case and, further, the three-dlmenslonal f=ow

r generates more severe fluctuating pressures.

!. |ncreas|ng either protuberance height or free-stream Mach number results in increasing
the area of the unsteady perturbed flow field upstream of the protuberance. Fo. the

range test present study, increasing protuberance heijht not
of variables of the the did

alter the peak level of the fluctuating pressuresin the upstream separated flow region
with any consistent trend and, in general, there appears to be only a slight increase

in peak of the fluctuating pressure increasing However,
the level with Mach num_-er _

the mostsignificant and important trend is the increase in area which is subjected to
the high levels of fluctuating pressurewithin the separated flow region for increasing

protuberance height and free-stream Mach number.

The fluctuating pressurefield associated with the wake of the protuberance extendedover a relatively large axial distance for all protuberance heights and Mach numbers
as is shownin Figures41-43. Very large fluctuating pressureswere encountered at

subsonic Mach numbers, c_ndin certain cases, the levels exceeded those encounteredupstreamof the protuberance. Of particular interest are the results for Moo = 0.80

and h/D = 1.5 and 2.0, Figure 43b. For these conditions, the peak levels in the

I wake ranged from i8 to 22 percent of the free-stream dynamic pressure. For the unitReynolds numberof 3 x 106, the correspondingoverall soundpressure level ranges
from 166 to 168 dB. These values were _he largest encour_tered in the perturbed flow

r fiek, along the longitudinal centerHne of the test panel for the range of test variables
| investigated. As previously mentioned, it was difficult to distinguish the neck region

of the wake at Moo < 1.20; however, there are indications that the neck occurs further

downstreamthan of the peak of fluctuating pressurefor Moo 0.80.
the location levels

(Some evidence of this is given .by the cross-spectra results as discussedin later paro-

r graphs.) For certain conditions (for example, Moo = 1.00, h/D = 2.0) the peak levelsit, the fluctuating pressure_associated with the wake occurred 3 or 4 diameters aft of
the protuberance. It is difficult to define consistent trends in the wake results, and
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perhaps this confusion is a result of the complex flow st_cture that exls_s in the wake
and the way in which it changes with variations in both Math number and protuber.'_nce

• height. Additional discussion on this point is presented in the section an the oower
spectra.

The general trend in the axial distributions of the fluctuating pressures in the wcKe
con_,_rs of o moderate increase to peak ie,,eis followed by a gradual dec,_o_e to t_ie
unperturbed flow level as the flow field is examined in the direction of the free _
stream. Both the location and the width of the peak varies with free-stream Mach
number and protuberance height. Further, for M > 1.0, there appeared to be agO--

general reduction in the overall fluctuating pressures in the wake with increasing
Mach numbers. Also a gradual aft movement and decrease in level of the peak
fluctuating _essures occurred with i ncreasing protuberance height.

A comparison of the axial distributions of overall fluctuating pressure level for the
2-_ 4-, and 8-inch diameter protuberances is shown in Figure 44. All of the pro-
tuberances exhibited similar trends in the axial distributions; however, some devia-

tions in the levels were noted. These deviations are relatively small and may result
from either Reynolds number fbased on protuberance d_ameter) or protuberance size
effects.

The fluctuating pressure field over the surface of the protuberance is exhibited by
measurements taken over the wall of the 8-inch diameter protuberance, Figures 45-
50. These dote are presented as variations of RMS fluctuating pressure coefficient
along circumferential rays with B- = 0 degree :orresponding to the upstream center-
line and B- = 180 degrees corresponding to the downstream cer, terline. It will be
noted that a range of circumferential rays are presented for various heights above
the test panel surface. For h/D - 1.0, the surface measurements were contained
within the perturbed flow field of the test panel (base region); whereas, for h/D =
2.0, the surface measurements were above the perturbed flow field of the test panel
and should closely _pproxlmate the charocteristics of an infinite cylinder in cross
flow (central region). In general, flow around the cylinder is characterized by
attached flow over approximately the forward half of the cylinder and separated flow
over the aft half. The separation of the flow from the wall of the cylinder occurred
near the 90-degree polar location. For M_o = 0.60, h,/ D = 2.0, extremely large

fluctuating pressures (in excess of 170 dB) resulted _Cromthe unsteadiness ot: the separa-
tion line (see Figure 45a). These data were rechecked following the initlai discovery
o_ the large levels to verify their accuracy. Further, it should be noted that these
results are consistent with the location of the separation line as observed in the static
pressure _esults. Some evidence of flow separation near B" = 90 degrees is given by

the peak in the circumferential distributions at this location for all Moo < | .00;

whereas, for MgO> 1.00, it is felt that separation occurs slightly downstream of the

90-degree location. Due to the present model design, a continuous survey of the
polar distribution could not be made. For h/D = 2.0, little variation with vertical

: location was observed in the fluctuating pressurelevels except for the Mgo = 0,60
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condition. Further, the wake region (0- .>90 degrees) appeared to exhibit larger
fluctuating pressure levels than did the upstream region at subsonic Mach r'_.nlbers.
For h D : 1.0, the effect of the perturbed flow field around the base of the protu-

berance is evidenced by the large fluctuating pressures in this region. For Mco _>1.20,
the fluctuating pressure levels over the front half of the cyl.inder appeared to decrease
with an increase in polar angle. It is interesting to note the drastic reduction in

fluctuating pressuresfor the rear half of the protuberance at Mco> 1.20. Th_se data

appear to be consistent with an overall change in the wake struciulu at supersonic
Mach numbers as observed in the oil flow studies and static and fluctuGtlng pressure
measurements taken over the test panel. Further, the test panel data for microphones
near the protuberance appear to agree reasonably well with the protuberance data at
t_- : 0 degree and i80 Jegrees as shown in Figures 45-50.

Power Spectra

Power spectra represent the dlstribuiion of the mean square et,ergy of the fluctuating
pressure with frequency. In genera!, power spectra of most fluciuatlng pressure
environments are found to scale _n a Strouhal number basis; that is, the frequency
is non-dimensionalized by multiplying a typical length and dividing by a typical
velocity. The advantages of using normalized spectra are obvious since it enables
similar, homogeneous, flow fields to be represented by a single spectrum regardless
of tke scale of the flow field or the free-stream velocity. Numerous studies have
been made to determine the proper parameters to be used to non-dimenslonallze the
spectra for various aer_-acoustic envffonments. Unfortunately, the choice of
parameters which best collapses the data appear to be dependent on the nature of
the fluctL'ating pressure environment. In general _ free-stream velocity is used as
the normalizing velocity parameter, although a typical eddy convection velocity
(itself a-function of frequency) has been used occasionally. The local convection
velocity app,_arsto correspond more closely with fl. _.physical slt,,_ion for fluctuating
pressuresdue to turbulent eddies. For simplicity, free-stream ,'Jlocity has been
adopted for the power spectra presented herein since the three-dlmensional protuber-
ance flow field is a non-homogeneous envircnment with widely varying convection
vel ocity characteristics.

Selection of a typical length is more difficult. For both undisturbed boundary layer
flow and two-dimensional separated flow, typical dimensionsof the undisturbed
boundary layer such as boundary layer thickness, displacement thickness, and
momentumthickness, have all been used by various authors. For transonic flow, lhe
_ypical boundary layer lengths vary only slightly, but no final conclusion can be
drawn on the relative merits of the collapse for any particular length. The most
generally used typical length is the boundary layer displacement length, 6", and
this parameter is used herein. An important typical length parameter for the pro-
tuberance flow field is the protuberance diameter_ particularly for the region of the
wake. It is evident from the test results presentedherein that the scale of the perturbed r__

flow field varies in proportion to the protuberance diameter. T'.,usit must be concluded
that the power spectra of the fluctuating pressureswould depend to somedegree on the

I
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size of the protuberance. However, since test res..its are presented For the 8-inch
diameter protuberance on_y, the use of protuberance diameter as a typical length
parameter will be witEheld until the power spectra for the otker size protuberances
are reduced. These data will be forthcoming in a later report.

Power spectra representing the frequency characteristics of the protuberance induced
fluctuating pressures are pre._.entedfor beth upstream and downstream flow fieJds in
Figures 51-62. It will be noted that test results are presented for the Mach numbe.
range from 0.60 to 1.60 and protuberance heights of 1.0 _ d 2.0 diameters. Th,_se
data were obtained for the 8-inch diameter protuberance configuration and, thus, pro-
vide a detailed study of the orotuberance induced flow field for the region in close
proximity to the protubera-ce. It is impracITcal Io discuss all of the frequency charac-
teristics of the flow as exhibited by the power spectra; however, some general features
should be pointed out. The data for the upstream and downstream flow fields will be
discussed separately.

For the upstream flow field, test results arn presented only for the microphone locations
wh.,:h appeared to have been within the perturbed region (Figures 51-56). All of the
spectra appear to exhibit the same general characteristics when presented in terms of
normalized power spectral density. For the present discussion, it suffices to note that
a high concentration of energy was present at low frequenc3es with a roll-off at the
hic-h frequencies. For the region of the most intense fluctuating pressures upstream

e _heprotuberance at Moo _< 1.0, the roll-off appeared to be approximately two

orders of magnitude per decade. This is equivalent to 20 dB per decade or 6 dB per

octave band. For Moo < 1.0, there appears to be relatively little variation in the

shape of the spectra within the separated flow region, although there i._some change
from the perturbed flow region upstream of separation to the region within the
separated flow field. For the pertu,bed flow fie!d upstream of the separation point,

the spectra appear to roll-off less rapidly at the high frequencies. For Moo > 1.0,

the separated flow field is sufficiently large in comparison with the microphone spacing
to enable a trend in spatial variation of the power spectra to be established. Of par-
ticular interest is the plateau in the power spectra in the vicinity of r/D : - 1.00 to
- 1.25 for h/D = 1.0, Moo = 1.40 and 1.60 and in the vicinity of r/D =- 1.125 to

- 1.500 for h/D = 2.0, Moo : 1.40 and 1.60. This region corresponds to the inner

separated flow field in the vicinity of the oeak levels of fluctuating pressure (see
Section 6.4). The plateau indicates ,,n increase in fluctuating pressure energy at
the mid and high frequencies when compared to the spectra for other regions of the
separated flow field.

Another important characteristic of the perturbed flow field ;s exhibited by the power
spectra associated with the shock wave at Mao = 1.40 and 1.60, h/D = 1.0. At the

mean location of the shock wave (I/D = _ 1.25), the flow is disturbed as a result of
the shock wave impinging on, and interacting with the attached boundary layer. The
power spectra for these data (Figures 55a and 56a) exhibited a sharp reduction in
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energy with increasing .Crequencystarting at relatively low frequencies. The
transition in spectra shape is evident also as the fluctuating oressure field is
examined moving aft of the shock wave. ihe trrnsltlon is characterized by o
reduction in low frequency energy and an increase in high frequency energy,

Clearly, the power spectra show a large spatial variation in the fluctuating pressure
characteristics as was Gbserved in the overall fluctuating pressure levels. TJJeupstream
perturbed flow field is obviously non-homogeneous in space in both overaiJ level and
frequency characteristics. However, it is interesting to note _hat variations in protu-
berance height and free-stream Mac!_ numbe, did not appear :o have any gross effect
on the general shape of the power spectra for a given region in the perturbed flow
field. Although a Jirect comparison is not presented, a cursory examination of the

data suggests that spectra for the same values of r/_ s would agree at least in trend

for the various h/D and Moo condltions. This :haracteristic will be evaluated in

detail in a subsequent report and,;f correct, it will be a strong argument for the
slmilarlty of the upstream separated flow fields for various Mach numbers and
protuberance heights.

The power spectra for the wake, Figures 57-62 exhlbit the characteristics of a non-
homogeneous flow field which is gradually changing in space. It is difficult to
de_ermine precise trends in the data with variations in either Mach number, protu-
berance height, or axial location. The general trend i_ that the spectra appear to
roll-o,f less rapidly at the higher Mach numbers. Also, the spectra for supersonic
Math numbers have appreciably less low frequency energy than the subsonic data.
One interesting feature of the wake spectra is the peak which occurs at certain

conditions. For example, the spectra for h/D = 1.0, Moo = 1.20 (Figure 60a) show

a peak at f 6*/U = 0.013 for all axial locations. The corresponding Strouhalco

number, based on protuberance diameter, is 0.28. The peak generally occurs at the
same Strouhal number for other conditions; however, the peak does not occur at all
conditions. Further, the value of 0.28 is larger than the Strouhal number for vortex
._heddlng from an infinite cylinder in cross flow which hcs a value of 0.21 for the
Reynolds number range of the present test. However, it is probable that the peaks
observed in the present spectra are due to vortex shedding from the cylinder at a
Strouhal frequency of 0.28.

Cross-Spectra

Considerable insight into the unsteady mechanismsat work in a fluctuating pressure
field can be gained by studying the relationship between data observedat two dif-
ferent points in the field. For a number of years, investigators involved in turbulence
and unsteady-fluid dynamic research have utilized cross-correlation techniques to
describe, on the average, the mutual statistical dependence of the signals at two
different points. From such studies, the correlation patterns, convection velocities,
and other features of the flow have been evaluated. One useful techniqbe which
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has been adopted !n recent years is the cross-spectral density_unction. The cross-
spectral density function and the better known cross-correlation function are Fourier

transform pairs. The primary advantage of using the cross-spectral density function
is that the correlation can be expressed directly as o function of frequency. The
mathematics involved in deriving the cross-spectral density function bv taking the

i Fourier transform of the cross-correlation funcHon is well documented and will not

be repeated here. It suffices to state that the resulting cross-spectral density function
is a complex quantity composed of real and imaginary parts. Tt,_ real componcn._,
denoted as the co-spectral density, is derived by solvlng the complex function for a
time displacement of -r = O. Thus, the co-,pe_.t._al density represents a d_scrlption of
the in-phase components of the fluctuating _.r_-ssurefi_d and is equivalent to the
narrow-band spatial correlation function. The imaginary component, denoted as the
quad-spectral density, is derived by solving the complex function for a time displace-
ment of "1"= i/4f and represents a description of the out-of-phase components of the
fluctuating pressure field.

The microphone measurements for locations along the test panel iongitudinal center-
line were analyzed fo: cross-spectral denslty characteristics. The method of analysis
consisted of digitizing successlve pairs of microphones in both the upstream and wake
regions. For the present analysis, no attempt was made t_ perform cross-spectral
density analyses for varying separation distance between microphones except for those
where the separation between neighboring microphones as installed in the test panel
varied. Since the majority of the microphones along the longitudinal centerllne were
separated by one inch, most of the analyses were performed for the one-inch separa-
tion dlstance. The mlc,ophones for the most upstream pair were separated by two
inches, and the microphones for the two most downstream pairs were separated by
two inches and four inches. Thus, these microphone pairs are the only ones for whlch
cross-spectral densities were computed with separation dlstances greater than one
i,ch. The purpose of this approach was to obtain maxlmum correlation between the
fluctuating pressure measurements. Further, the overall fluctuating p.-essuremeasure-
ments indicated that the protuberance flow field was significantly non-homogeneous
in space, partlcularly far the .,pstream separated flow region, and it was felt tha_ the
correlation lengths would be relatively short.

Cross-spectral density results ,_orthe 8-1nch diameter protuberance are presented as
normallzed co- and quad-_pect,'a in Figures 63-68. Th_se results represent areas of
maximum correlation between neighboring microphones !ocated in the upstream

I separated flow and downstream wake regions for free-stream Mach numbers of 1.2,1.4 and 1.6 and protuberance heights of 1.0 and 2.0 diameters. It will be noted
that ..'he,'egion of r,_aximumcoherence of the fluciuating pressuresfor the protu-

berance induced sepa,ated flow region (Figures 63-65) occurred between the point ofseparation and the point of maximum fluctuating pressure. Further, the trend in the
quad-spectrai density and the negative values of the normallzed frequency parameter

I show the presence of negative convection velocities, thus indicating that the dis-turbances are convected counter to the direction of the free stream. In the wake,
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maximum coherence was observed in the neck and far wake regions. Results presented
in Figures 66-68 represent the neck region since, here, the separation between micro-
phones was a minimum of one inch. In the fcr wake, microphones which were r-aired
for the analysis were separated by 2 and 4 inches and some loss of coherence was
observed at the lower frequencies as discussed later, in generc_l, the wake was
characterized by positive convection velocities as exhibited by positive values of the
normalized frequency parameter and the trend in the quad-spectral density.

A comparison of the various crnss-spectra results show'- a definite dependency on both
free-stream Mach number and protuberance height-to-diametur ratio. In general, the
larger values of Moo and h/D exhiblted the gr_:_ter coherence of the fluctuating

pressure environment.

It will be noted that results are not presented for Moo < 1.0. For this Mach number

range, the upstream separated flow region was confined to a region in close proximity
to the protuberance, and the 1-inch separation of the microphones appeared to be
small relative to the structure of the fluctuating pressure mechanisms. Thi_ will become
clear from the discussion of the model of the separated flow field which is presented in
Section 6.4. In the wake region, the near wake appeared to extend further down-

stream for Moo< 1.0, than for Moo > 1.0. As a result, the region of maximum
coherence was near or downstream of the most aft microphones and the cross-spectra
were poorly defined. Thus, .'he 4-1n. diameter protuberance results will be used to

analyze the wake environments for Moo< 1.0; however, these data are not available
for the present report.

Narrow-Band Convection Velocity

Before discussingthe narrow-band convection velocity resulls, distinction is made
._etween a fluctuating pressure field which is composed of vorficity (or turbulence)
mode disturbances and that which is composed of acoustic (or sound) mode disturb-
ances. Vorticity mode dlsturbances result from a turbulent flow structure which is
convected at some fraction of the local mean flow velocity. Further, the convection
velocity is in the same direction as the mean velocity of the turbulent environment.
On the other hand, acoustic mode disturbances consist of sound waves which propagate
in file fluid medium. The propagation velocity relative i'o the fluid is at the
speed of sound with a dlrection independent of the local velocity. Propagation in the
directlon of the mean flow will have°a propagation vela:ity of the speed of sound plus
the mean speed; whereas, propagation counter to the F_owdirection will have a propa-
gation velocity equal to the difference between the local speed of sound and the local
veloclty. Obviously, acoustic mode disturbances cannot propagate upstream in a
supemonic flow.

For the present computation of the narrow-band convection velocities:, use was made
of the narrow band phase angle, o_(_,f), as shown in Equation 4.27. Thus, the ii
resulting velocities are in actuality the narr ,v band phase velocities which are the

?
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same as the true convection velocities only if the turbulence structure is frozen in the
moving flame of reference. The idea of a velocity of convection of turbulent fluctua-
tions stems originally from Taylor's work on grid turbulence (Reference 36). Taylor
pointed out that, if the turbulence level was low, the time variation in the velocity u
observed at a fixed point in the flow would be approximately the same as those due to
the convection of an unck_ _ging, frozen, spatial pattern past a fixed point with the
meat flow velocity U, i.e., that u(x,t) _ u(x - Ut_ O) where x and t represent
dlsrance measured downstream in the mean flow direction and time, respectively.
This is known as Taylor's hypothesis. Lin (Reference 37) has shown that this hypothesis
is valid only if the turbulence level is low, viscous forces are negligible, and the
mean shear is small. It is unreasonable to expect the hypothesis to apply to the high
int_..isity perturbed flow field induced by the proluberance. For the present compu-
tation, measurements f¢,r a constant separation, 4, was used and the results represent
the broad bund in wave. numbe.. A discussion on convection velocities using wr,ve
number spectr'_ is given in Rcference 38. Due to the non-homogeneous nature ot the
flow field, computations of convection velocity for varying _ did not seem practical,
particularly for the upstream separated flow field.

The variations of the normalized narrow band convection velocity, U (f)/Uco , withc

normalized frequency, f ,_/Um, are presented in Figures 69-74. These data corre-

spond to the locations in the perturbed flow field and the test conditions for which
cross-spectra results are presented. Also presented in Figures 69-74 are the esti-
mated maximum local velocitie: which were computed based on free-stream speed
of sound, free-stream total pressure and local static pressure. Pitot pressure measure-
ments were not taken in the perturbed flow field near the protuberance, and conse-
quently, the values of local convection velocity are only crude estimates of the
maximum values. These estimates are conservative in that the local total pressure
was probably significantly less than ',he free-stream total pressure and thus would give
a lower local velocity.

Fe.rthe upstream separated flow region (Figures 69-71) the narrow band convection
velocities were negative indicating that the disturbances were generally convected
(or propagated) counter to the direction of the f:ee-stream. At low values of the

frequency parameter (low frequencies since _ was held constant for the present
analysis), the convection velocity was a small fraction of the free-stream velocity.
However, the convection velocity approaches the free-stream value at high fre-
quencies, and in certain cases, exceeded the free-stream velocity. In every case_
the estl _ated local velocity was exceeded at the high frequencies. This suggests
that appreciable nan-frozen turbulence and/or acoustic modedisturbances were
present in the perturbed flow field upstreamof the protuberances at the high fre-
quencies. The broad-bnnd convection velocity, indicated by the broken llne in .:
each figure, was eii}_er less than or approximately equal to the estimated maximum
local velocity. It will be noted that the broad ba_ld convection velocities are
heavily weighted to the high frequencies. This characteristic results from the broader
bandwidths associated with the high frequency data points (see Equation 4.23). it
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should be noted that the convection velocity data do not reflect the power spectra_
density of the fluctuating pressure energy. Thu_, a comparisonaf the power spectra
with the narrow band convection velocities w!ll reveal that most of the fluctuating
pressure energy is convected at a small fraction of the "-ee-stream velocity in a
direction counter to the free stream. Thus, the true convection velocity from the
standpoint of convected energy corresponds to the low frequency values.

In the wake, the narrow-band convection velocities wele general ly positive indic'.:' .ng
that the disturbances are convected (or propagated) in the same direction as the free
stream. Appreciable acoustic mode disturbances appear to be present in the mid- and
hlgh-frequency ranges as indicated by the large peaks in the narrow-band convection
velocity curves (Figures 72-74). For certain flequency bands, negative convection
velocities were computed from the ftuctuating pressure measurements which further
suggests the presence of acoustic mode disturbances in the wake. Thesedata c,re not
p'otted; however, the frequencies at which they occurred are indicated by broken
lines between nelghborlng data points in Figures 72-74.

6.4 Analysis of the Protuberance Induced Flow Field

Most of the technical effort underlying this report has been concentrated in dev.'lop-
ing data reduction techniques and comp Jter programs, reducing the data to tabulation
and plot form, and evaluating the accuracy of the final values. For this reason, a
comprehensive analysis of the results in regard to the development of mathematical
models has not been made. At the present time, additional test results ore being
reduced which will provide more insight into the three-dimensional protuberance
flow field, and it is felt that these data are req -ed before a comprehensive analysis
of the flow can be made - particularly in regard .._ the specification of empirical pre-
diction formula. For this reason, or,y a cursory analysis of the protuberance induced
flow field is presented in this section.

A composite schematic showing typical axial distributions of static pressurecoefficient
and root-mean-square fluctuating pressure coefficient, and a possible model of the flow
field upstream of the protuberance is presented in Figure 75. Sufficiently upstream of
the protubelance, the flow is attached which results in static pressure coefficients of
approximately zero, and fluctuating pressure coefficients of approximately 0.01. The
latter results primarily from tunnel background noise as discussed in Section 5.0. For

the case shown, which is the Moo = 1.60, h,/D = 2.0 condition, the most upstream

boundary of the perturbed flow is the shock wave. The shock wave induces a nonlinear
increase in static pressure coefficient and a relatively small peak in the fluctuating
pressure coefficient. The mean shock wave location corresponds to the inflection
point in the static pressure data. Immediately aft of the shock wave_ the boundary
layer undergoes separation which, in turn, results in e region of relatively constant,
plateau, static pressure. In the plateau region, a gradual increase in fluctuating
pressure level with decreasing distance from the protuberance is observed. In con-
trast to these data, the two-dimensional protuberance (or step) case showsa region
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of plateau fluctuating pressure corresponding to the region of plateau static pressure
(see References 27 and 35 for examples). This latter discrepancy between two- and
three-dimensional separated flows is the first indication (as the flow is examined
moving downstream toward the protuberance) of dissimilarities between the two cases.
Further, the fluctuating pressure levels for the three-dimensional case are an order
of magnitude greater than that for tT_etwo-dimensional separated flow region, lm-
mediatel7 dewnstream of the plateau region, the flow exhibits a sudden reduction in
star;r_ pres_ure_ and the beginning of this sudden reduction corre,°2onds to a periL- in
the fluctuating pressure level. Corresponding to the region of low _tatic pressure is,

what may be envisioned as a plateau region of fluctuating pressure for the Moo = i .60

condition; however, this is not typical of all Mach numbers. _'_,rlower Mach numbers,
the fluctuating pressure decreases toward the protuberance far the region of low static
pressureas discussedin Section 6.3.2. The distil,-" r._'_J_eof the sudden static pres-
sure reduction and the strong levels ci fl_¢',-.J.-_i._g.u:e_u:_. er_ u._ique to the three-
dimensional separated flow case. B_foi_. _.scribing the model o_ the separated f_ow
region, someadditional features of _he..flow fi:_]cl as given by oil ficw _c_:_ernsof the
separated region will be discussed

A typical oil flew picture, Figur_._"]6, was discussedbriefly in Section ,!-. Colored
oil was injected into _.',eattached b'_'ndery J,,yer upstream of the pertu ,._...low
region as well as in close oroxim_', ._e protuberance. The oll from _i_ " ree
upstream orlflc,-s flowed _c_and w:_ Jefl_ted around the protuber,J:_ce_" _:esepa-
ra.ect flow field. The oil injected ;: o the separated flow region, fla. _ ..a direc-
tion counter to the free stream - ind'._ing a reverse flow region, as . ' as transverse
to the free stream - indicating side r_i_e due to the three-dlmer/c.. _ _:ture:of the
flow field The important feature of the o_; ,_o... pc_ttern _._rh_ .. ,_ow region
is the concentration of oil along a seconda:/_.,_,: w*_ich i_ do• .,_ of the front
caused by separation of the boundary layer. This s_gge_ _*_c_.",c._;_n o_ low velocity
at angle._perpendicula_ to the secondary front. The presence ...f fi:is low velocity
region imbeddedwithin the separated flow has not been obsess.:_._in two-dimensional
separated flow and is apparently unique to the three-dlmensio,,a_ case. The oil flow
pictures also reveal the flow patterns in the wake region; however, an adequate dis-
cussionof this region was presented in Section 6.3.

Basedon the characteristics of the induced separated flow as exhibited by the static
pressures,fluctuating pressures, and oil flow pictures, a model of the upstream
perturbed flow can be F.ostulated. Consider a systemof horse-shoe vortices, which,
when viewed in the plane of symmetryappear as shownin Figure 75. Two major
vortices are assumedto be rotating such that a condition of reverse flow exists near
the wall of the test panel with a third, smaller, vortex trapped near the wall between
the two majorvortices and rotating in the opposite direction. Thus, the boundary
conditions at the inner region of the separated shear layer and within the. separated
flow are satisfied. Also observe that the upstreamvortex ma) be elongated which
would result in a relatively constant static pressure, plateau, region. The aft vortex,
because of the geometry of the flow, may be more circular which would induce a
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J .lonlinear variation c,f the wall pressures as observed i, the static pressure distribu-
tion. Further, _;:;causeof the different static pres'.ure levels assoclatedw;th the two
vortices, it may be postulated that the inner vortex has a higher tangential velocity
at the wall than does the focNard, elongated vortex. F naily, the shearing mechanism
that would result due to the opposite veloclty vectors i the region between 'he two
vortlccs would cause a discontinuity in the wall shear st,ass which would er,aMc oi I
to be trapped in this region (correspond;ng to the secendary front noted in the oil flow
pictures) and also noise resulting from the shear interaction could gefluJu;e high le.'_i

fluctuating pressuresas noted in the axial d;;tribution of A Ca(RM._), r laure 75. The
direction of rotation of the vortices is verified from the oil flbw patterns over the

surface of the test panel (Figure 26) as well as in photographs of titanium dioxiJestudies of the r_rr,ruberance flow pattern, Figure 76 It is interesting to note that the
titanium dioxide flow patterns (side .iew) show- *' e separation of the flow from the

_- wall of the pl_tuberance near the /u-degree ray very clearly as was obserced in thestatic and fluctuating pressure measurements over the wall of the 8-inck, diameter
protuberance.

l
_ Other data which s_bstantlates the assumption of a doubie vortex system are the 1/3-

octave spectrums. It was pointed out that, i=asedon the static pressure levels, the

I aft vortex appears to have the g._eater rotutional velocity. Thus, fluctuating ,_ressuresbeing convected past the microphones in the region of the aft vortex ,vould be ex-
pected to ilave energy concentrated at higher frequencies than those associated with

• e'1

the upstream vortex Typical 1/3-octave spectra show this trend n_ .nown in Figure 77.
Further, cross-spectral densities for microphone pairs located bene_, h the senarated
tlow were obtained at various locations in the separated flow regions :nd these data

f _ yield even greater insight into the mechanism of the flow. If the postulated mode_ isaccurate, g¢,odcoherence should be shown for microphone pairs located in either of
the two r_,"Cons, i.e., m;crophone pairs located either upstream or downstrem of the

I peak A Cp(RMS). Ha_ever, poor coherence should be evident from cross-spectraldensities for microphone pairs which are separated by the peak sinc_ ,he microphones
would sensefluctuating pressures from two sepa,ate vortex systems•

I Cross-spectra for a representative condition (Mco= 1.60, h,/D = ...0) ar_ presented

in FigL,,e 78. It will be noted that reasonably good correlation _sshown for micro-

I phone pairs vortex_ poor coherence for microphone pair_
located beneath the forward

located near the regic.n between the two major vortices, and fair co.welation for micro-
phone pairs located in the region of the inner vortex. It wili be noted that distur-

I bances generated in the region of interaction between the two majorvortices would
not be convected directly across the microphonesnear the protuberance because of
the direction of rotation of the inner vortex. Thus, some loss of coherer_ce (compared

I to that for the outer vortex sTstem)may be expected.

i One final sample of data which adds support to the validity of the postulated modelof the upstreamseparated flow is presented in Figure 79. Here, the flow pattern
upstrec.mof a cylindrical protuberance hasbeen photographed using tk.in filaments

I
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of smoke for flow visuolizolion (from Reference 39). The multiple vortex pattern
upstream of the protuberance is clearly defined. This condition was extremely low
speed (on the order of 5 ft/sec); however, the present data sug.qeststhat the basic
features of the flow field remain unchanged at transonic Mach numbers.

The flc v structure in the woL_ consists of a converging flow region, a neck region of
nearly parallel flow, and a divergina flow region when viewed in the plane of the
test .... I Thi- flow field is further comolicated by the flow over the top of the pro-].,r_ 0 ._ ° ..... I

tuberance, pafficularly for h/'D < | .0. The characteristics of the fluctuating pressure
field have been previously discussed; however, some additional insight can be gained
from the cross-spectra for various locations in the wake, Figure 80. In the near wake,
r/D < 1.00, the cross-spectre decay very rapidly and in general show poor correlation.
The correlation increases to a maximum in the neck region and this is attributed to the
non-dispersive nature of the parallel flow in -this region. In the far wake, the flow has
a d'.,verging pattern; however, good correlation was still attained. The larger separa-
tion of th "._icrophonesin the far wake resulted in a loss of coherence in the low
frequency components.

In summery, the preliminary analysis of the test results have revealed some important
characteristics of the static- and fluctuatlng-pressure environments induced by three-
dimensional protuberances. Based on this analysis, some conclusions have been drawn
in regard to the perturbed flow field and areas for further, expanded, _tudies have been
defined. Thesepoints are discussed in the next section.
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7.0 CONCLUDING REMARKS

7.1 Conclusions

A wind tunnel investigation has been conducted to study the flaw field induced by
three-dimensional protuberances at transonic Mach numbers. Selected results for
the generalized protuberance - which consisted of right circular cylinders - have
been presented and discussed. In particular, the static pressure field, the fluctuating
pressure field, and general features of the perturbed flow have been evaluated. From
this study_ the following conclusions have been made.

7.1 .] General Characteristics of the Protuberance Induced Flow Field

1. The protuberance flow field consisted of two predominant regions - an up-
stream separated flow region and a downstream wake region. The upstream
separated flow region was composed of a complex, multiple, vortex f_ow
structure. This flow structure appears to be unique to the three-dlmensional
separated flow case and has little similarity to the two-dimensional, step
induced, flow structure. A postulated model of the three-dimenslonai
separated flow region consists of two major vortices rotating in the same
direction with velocity vectors at the wall which are counter to the free-
stream direction. Static-and fluctuating-pressure measurements and oil-
flow patterrs appear to agree with the postulated flow structure. The wake
region consisted of a near wake of converging flow, a neck region of
approximately parallel flow, anda farwake of diverging flow. For small
ratios of protuberance height to diameter, the wake flow structure was com-
plicated by the flow over the top of the protuberance which appeared to
re-attach on the surface supporting the protuberance in the vicini._y of the
neck of the wake.

2. Increasing either protuberance height or free-stream Moch number caused an
increase in the upstream separation length and a corresponding growth of the
separated flow structure.

3. The perturbed flaw field scales approximately with protuberance diameter,
although some ._rendsin the ,ormalized data with protuberance size and
Reynolds number were detected in the static- and fluctuating-pressure
measurements.

7.1.2 Protuberance Induced Static PressureField

1. The protuberance induced static pressurefield upstreamof the protuberances
exhibited the followlng characteristics:

a. There was an increase in static pressureat .he outer extremities of
the upstreamperturbed flow field that induced boundary layer
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separation. At Moo< 1.20, the pressure gradient was relatively

i small; whereas, at M _ 1.20, the pressure gradient was large and
co

resulted from the pressure discontinuity of the shock wave.

I b. The initial pressure gradient was followed by a region of nearlyconstant, plateau, static pressure which corresponded ro the outer
region of the separated flow field°

I c. A region of low stGtic pressure (below the plateau level) was
exhibited by the inner region of the separated flow fie!d.

d. At the base of the protuberance, maximum stctlc pressure was
reached.

e. Variations in protuberance height and fl'ee-stream Mach number
caused similar variations in the region exposed to the protuberance
induced static pressure field. An _ncrease in the test variables

_ caused an increase in the area of the protuberance induced static
•_ pressure field.

2. The protuberance induced negative stahc pressure coefficients immediately
downstream of the protuberance which corresponded to the near wake and

neck _fthewake flow field, free-stream staticregions Approximately
pressure was measured in the tar woke.

static pressure over the wall of the protuberance exhibited
3. The field

noticeable variations in both the vertical and circumferential directions

over the forward half of the cylinder. Variations in the vertical direction
corresponded to the various flow regimes of the inflowing perturbed flow

" field. Circumferential var:.ations indicated that the flow separated from

|_ the wall of the protuberance near the 90-degree ray.
I

4. Variations in Reynolds number and protuberance size caused smallvarlations

i in the wake pressuresat subsonic Mach n_mbers, and small, but consistent,
1 variations in the upstream pressuresat supersonic Mach numbers.

7.1.3 Protuberance induced Fluctuating PressureField

1. The protuberance induced fluctuating pressurefield upstreamof the protu-
berances exhibited the following characteristics:

a. There was a gradual increase in fluctuating pressurein the c al

t direction which started at the outer extremity of the perturbed flowfield and reached a peak near the mid-point of the separated flow
region. The peak levels of fluctuating pressurecorresponoedto a
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region between two major vorHces and appeared to result from the
shear interaction of the vortices. Peak levels were in the range
from 12 to 17 p_rcent of the free stream dynamic pressure and are
an order of magnitude greater tha_ that observed for _,o-dimensional
separated flows.

b. The ir_-er region of the separated fluw field exhibited a high level of
fluct_Ja_,ingpressure which corresponded to the inner vortex system.
For M -- 1.60r the fluctuating pressure levels for the inner regionco

we-e approximately constant and equal to the peak level in the
separated qow field. For M < 1.60, the fluctuating pressure levels

in the inner region decreased below the peak lev_,l.

c. For M = 1.40 and 1.60, shock-boundary interaction upstream ofc_

the separation point resulted in a small peak in the fluctuating pres-
sure levels for the region beneath the shock wave.

d. Variations in protuberance height and ._rec-stream Mach number
caused similar variations in the extent of the separated flow field,
i .e., increasln_ test variables caused an incr_:asein the size of the
s_parated flow field and, thus, the region exposed to protuberance
induced fluctuating pressures. Otherwise, the separated flow struc-
ture and the corresponding fluctu_flng pressurefield appeared to
remain relatively invariant with changes in protuberance height and
free-stream Mach number.

e. The power spectra corresponding to the peak levels of fluctuating
pressureexhibited a high energy level at low frequencies with a
roll-off at high frequencies of approximately 6 dB per octave.

f. Maximum correlation of the fluctuating pressureswithin the separated
flow field corresponded to the region of the outer vortex system.

g. Fluctuating pressureswithin the separated flow field were convectea
in a direction counter to that of the free stream.

h. The fluctuating pressurefield was largely non-homogeneousand this
is attrlbut_.d to the complex vortex structure of the separated flow
fle_d.

2. Fluctuating pressuresover the wall of the protuberonce exhibited peak values
in the region of separation of the flow from the wall of the protuberance and
in the wake region of the protuberance at subsonicMach numbers. At super-
so,qc Mach numbers, maximum levels of fluctuating pressureoccurred over

6O
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the front half of the protuberance corresponding to the region c,f impingement
of the upstream separated flow field. At M ---0.60, the flow separated fromco

the wall of the protuberance at the 90-degree ray and resulting fluctuaHng
pressuresexceeded 170 dB.

3. The protuberance induced fluctuating pressure field downstream of the protu-
berances e×hib,:ed the following characteHstlcs:

a. There was a moderate increase in fluctuating pressure levels in the
axial direction within the near wake_ peak levels of fluctuating
pressure in the neck region and gradually decreasing fluctuating
pressure levels in the far wake.

b. Power spectra of the fluctuating pressuresrevealed discrete fre-
quency energy at certain protuberance heights and Mach numbers.
The Strouhal number, based on protuberance diameterr associated
with the peaks in the power spectra was approximately 0.28.

c. Maximum correlation of the fluctuating pressure5within the wake
flow field correspondedto the neck and far wake regions.

d. The fluctuating pressurecharacteristics of the wake appeared to vary
with both protuberance height and Mach number.

7.2 Areas for Further Study

Basedon the foregoing analysis of the test results_ important areas requiring further
analysis can be defined. Theseareas are as follows:

1. A more extensive study of the spectra and cross spectra of the fluctuating
pressures recorded by the centerline distribution of microphones. These
data will be analyzed to define the structure of both the upstream separated
flow (i .e., verification or disproval of the postulated model of the separated
flow) and the wake flow aft of the protuberance.

2. "Examination of the microphone and static pressure data for locations around
the protuberance in the plane of the test panel. These data will be analyzed
to define the gererating mechanismsassociated with the three-dimensional
flow around the protuberances that caused differences between two- and
three-dlmensional flow patterns as observed in the centerline axis data. It
is felt that the transversevelocity and acceleration componentsinduced by
the three-dimensional protuberance shape are the key to the multiple vortex

flow pattern which has been postulated. These data will also provide a
basis for the development of prediction techniques for the steady and fluctua-
ting air loads around the protuberances.
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3. Further examinaHon of the microphone c_ndstatic pressure data recorded for
sensors distributed over the wall of the 8-1nch diamete, protuberances. These
data will be analyzed to define the steody and fluctuating air loads on pro-
tuberances and to assist in defining the three-d;mensic,,lal flow patterns.

4. A more detailed study of the effects of Reynolds number and protuberance
scale on the flow field particularly for the fluctuating pre',sure environment.

5. An evaluation of the free-interactlon hypothesis as it applies to three-
dimensional flows. This hypothesis, advanced by Chapman, Kuehn and
Larson, Reference 2, suggests that turbulent boundary Ic_yersundergo separa-
tion in a manner independent of the detailed geometry of the cause. Al-
though proven for two-dimensional separated flows, _tsapplication to three-
dimensional flows has not been verified. If the hypothesis is true for _h¢
three-dlmensional case, prediction of protuberance flow fields for specific
geometries can be made based on data obtained for generalized protuberance
shapes. Further, this hypotnesls applies only to the upstream separated flow
region. It is also of interest to determine if the free-interactlcn concept
can be applied to the wake reglon as well.

In addition to those described, it is anticipated that other areas requiring study will
become evident during the course of the analysis.
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APPENDIX A

DATA REDUCTION EQUATIONS FOR MEAN FLOW PAI_AMETERS

The parameters used in the specification of the mean flow characteristics are presented in terrns
of the measured static and total pressures as follows.

1, Local Static PressureCoefficient

P_ - p(3O

Cp - (A-I)
qco

where P_ and P are the local end flee-stream static pressures, respectively, andGO

%o is the free stream dynamic pressure.

2. Boundary Layer Profile Mach Number (Computed at _oth Forward and Aft Rake
Positi ons)

For Pg/Ptn _<0.528, the Rayleigh Pitot Equation was solved for Mach numbers as
foil ows:

.- %

-_s 7M n - 1

where Ps is the test panel si'ntic pressure nearest the rake and Ptn is the pitot pressure

measured by the rake.

For Ps/Pin > 0.528, the standard compressible flow equation w,_ssolved, i.e.,

Mn = - - I (A-3)
(Ps/ Ptn) 2,/7

3. Boundary Layer Profile Velocity Ratio (Computed at Both Forward and Aft Rake Positions)

¢ ,Un Mn + 0.2 Ms (A-4)

=_s I +0.2 _z
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v,he c Us aqd Ms are the velocity and Mach number corresponding to the local static

0ressure Ps' ar.d Un ant 'An are the profile velocities and Mach numEerscorresponding

to the measured pitot pressures, Ptn.

4. _oundary Layer Displacement Thickness (Computed at Both Foreword and Aft Rake
Positions)

f/SFL psn U]8. =j /j 'n Us'-' dy (A-5)
0

where 8 is the y position for the p_tot probe that is the furtherest " "1the test panel _or

each r:ke. Pn and Psare dens'.,tlescorresponding to Psand Ptn.

5. Boundary Layer Momentum Thickness (Computed at Both Forward and Aft Rake
Positions)

8

fPn Un[1 Un]
0

6. Empirical Boundary Layer, Di_alacement and Momentum Thicknesses (Computed at
Model Station Zero)

2
X [1.3 + 0.43 Moo 1 [6/X]

5" = (A-7)

]0.4 +0.5 M_ [1 +(2)(10 "e) Reoo'X] '/3

where

I//0

6/X = 0.37[Reco.X1-1/s 1 + ---- (A-8)
6.9 • 10 7

X = 124.36 inches

and

e : 5 * (A-9)2
1.3 + 0.43 Moo
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,_PENDIX B

DATA REDUCTION EQUATIONS FOR UNSTEADY FLOW PARAMETERS

The statistical functions used in the oecification ef the fluctuating pressure characteristics of
the unsteady ;low field are presented in analog form. It is felt that the analog form of the
descriptive statistical parameters will facilitate an understanding of the physical significance
_f the functions more so than the di_ita; form. A comFrekensive presentat on of the digital
equations used in the present digital computations are given ;n References 23 and 24. A brief
discussion of the equations is presented in Section 4.4. The analog forms are as follows.

1. Overall RMS Fluc.uating Pressure

1

AP(RMS) = lira P2(t) d t (B-l)

LT--E)0 J

where P(t) denotes the time history record of p:c_sure.

2. Power Spectral Density

T

(1)(f) = lim (Af)T P (t,f, Af) dt (B-2)Af-.- 0
0

T--E)

where P(t,f r Af) is the fiitered portion of P(t) in the frequency range of f - Af/2 to
f + Af,/2 .

3. CrossSpectral Density

G(_,f) = C(_,f) - i Q(/] ,f) (B-3)

whr :e C(_ r f) and Q(_,f) denote the co-spectra! density and quad-spectral density,
respectively. The co- and quad-spectral densities are defined as ollows:

T

C(_,t') = lira IA-_'E'_T/P(t,F,Z_fl, P_(t:,AF) dt (B-4)
_f'-"0 V_,l, j

0
T-" (_
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a'_d

T

I "1 P(t,f,_fl Pt (t,f,Z_f) dt (B-5)
a(_,f) = lim (AF)-'_'_ ' ,>

Aft0 0
T--" ,30

.... i. c ^ _" _i_, histar.:es _l,_n ,_t points sepo.oted in
• .ere r_,r, A[) and P_:k',','-"l pressure ..............

distance by s_ and p_*(t,f,Af) denotes a 9D-degree phase shift from pa(t,f,Af).s The

normalized co- and quad-specTral densities are given by:

c(g,f) (a4)cC_,0 =
[_f) ,_CO1_

and

Q(_ ,0 (B-7)q(_,f) =
fc,(f)®_(f)1_

4. Phase Angle

FQ(_ ,f) 3 (B-8)_(_,f)--,an-'r-_,___
L,,-._ i,l j

5. Coherence

IG(_,f) (B-9)y2(_,r),=

I

,L • 6. Narrow-Band Convection Velocity

2._ f ,_ (B-10)

UcCf)- o_(_,f)
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m _ _ BroadbandConvection Velocity

_1 Estimated Moximum Local Velocity
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a. h/D = 1.0, r/D = -1.375 to -i.250
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_" Figure 69. Longitudinal Narrow Band Convection Velocity for Protuberance induced

" Fluctuating PressureField, Upstream (e" =0o), g-Inch Diameter
, Protuberance, Mco= 1.20, Re/ft - 3 x 106, _/D = 0.125"1
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w___ Broadband Convection Velocity

_1 IFstimafed Maximum Local Velocity
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r _ Figure 70. Concluded
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Broadband Convection Velocity

• Estimated/V_aximum Local Velocity
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Figure 71. Longitudinal Narrow BandConvection Velocity for Protuberance Induced
Fluctuating PressureField, Upstream (6" = 0°), 8-1nch Dlameter

Protuberance, M_ = 1.60, Re/ft ; 3 x 106, g/D = 0.125 ,.
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Broadband Convection Velocity

_1 Estimated Maximum Local Velocity
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Figure 71. Concluded
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.... Broadband Convection Velocity

_1 Estimated Maximum Local Velocity
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7 Figure 72. Longitudinal Narrow Band Convection Velocity for Proi-uberanceInduced

Fluctuating PressureField, Downstream (8" = 180°), 8-Inch Diameter

Protuberance, Mao = 1.20, Re/ft = 3 x 106, _/D = 0.125
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b, h/D = 2.0, r/D = 1.500 to 1.625

Figure 72. Concluded
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D--_Broadband Convection Velocity

_1 Estimated Maximum Local '_elocity
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Figure 73. Longitudinal Narrow Band Convection Velocity for Protuberance Induced
Fluctuating PressureField, Downstream(0" = 180°), 8-Inch D.Jmeter
Protuberance, M m = | .40, Re/ff = 3 x 106, _/D-- 0.125
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BroadbandConvectiot_ Velocity

_1 Estimated Maximum Local Velocity
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I F;gur'., 74. Long;tudlnal Narrow Band Corn,action Veio=it_ for ffotuberance Induced
Fluctuating PressureField, Downstream(e- = 180°), 8-1nch Diameter
Protuberance, Re/f:., 3 x 106, _/D ==0.125I
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m m _ Broadband Convection Velocity

• Estimated Maximum Local Velocity
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